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Abstract 
Polymerization methods that provide linear or branched macromolecules with 
outstanding functional group tolerance and molecular weight control are well studied. 
In contrast, polymerization strategies that yield two-dimensional (2D) periodic 
structures remain in their infancy (Chapter 1). Two-dimensional covalent organic 
frameworks (COFs) are polymer networks that organize molecular building blocks 
into well-defined porous, layered structures linked by covalent bonds. These materials 
are usually synthesized as insoluble and unprocessable powders, limiting their utility 
in applications such as organic optoelectronics. This dissertation describes efforts to 
overcome the challenges associated with this powder morphology. Initially, COF films 
were prepared using single-layer graphene (SLG) as a substrate (Chapter 2) and these 
conditions generalized to a family of 2D COFs with tunable pore size (Chapter 3). 
Synthetic conditions were developed that provide access to patterned COFs (Chapter 
4). COF films that incorporate semiconductors may serve as important precursors for 
organic optoelectronics. As proof-of-concept, organic photovoltaics fabricated using a 
variety of COF active-layers were fabricated and characterized (Chapter 5). These 
results provide a blueprint for incorporating COFs as materials in organic 
optoelectronic devices. 
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CHAPTER 1 
 
RATIONALLY SYNTHESIZED TWO-DIMENSIONAL POLYMERS 
Abstract 
Synthetic polymers access diverse and useful property sets and influence most aspects 
of modern life. Many polymerization methods provide linear or branched 
macromolecules, frequently with outstanding functional group tolerance and 
molecular weight control. In contrast, extending polymerization strategies to two-
dimensional periodic structures is in its infancy, and successful examples have 
emerged only recently through molecular framework, surface science, and crystal 
engineering approaches. This chapter describes successful 2D polymerization 
strategies, as well as seminal research that inspired their development. These methods 
include the synthesis of 2D covalent organic frameworks as layered crystals and thin 
films, surface-mediated polymerization of polyfunctional monomers, and solid-state 
topochemical polymerizations. Early application targets of 2D polymers include gas 
separation and storage, optoelectronic devices, and membranes, each of which might 
benefit from predictable long-range molecular organization inherent to this 
macromolecular architecture. 
 
This chapter was first published in Nature Chemistry: Colson, J. W. & Dichtel, W.R. 
Nature Chem. 5, 453 (2013) and is reproduced with permission. 
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Introduction 
Synthetic polymers comprise most commercial products and are synthesized 
industrially on a hundred-million ton annual scale. Recently developed controlled 
polymerization methods1-4 provide increasingly well-defined chain lengths, excellent 
functional group tolerance, and access to diverse block copolymer and novel 
architectures. In contrast, comparatively few polymerization methods provide periodic 
two-dimensional (2D) structures, a challenge that lies at the interface of polymer 
science and molecular self-assembly. Diverse strategies have emerged to synthesize 
and characterize 2D polymers from a disparate range of research traditions, including 
surface science, crystal engineering, scanning probe microscopy, and molecular 
frameworks. These advances will inspire further synthetic innovation, enable the first 
rigorous investigations of the properties unique to this topology, and finally provide a 
means for organic chemists to design within extended 2D and 3D space. 
A 2D polymer is a covalently linked network of monomers with periodic 
bonding in two orthogonal directions. These polymers have been isolated in three 
forms: layered crystals, multilayer and monolayer5-8 films on surfaces, and free-
standing sheets. Individual or disordered 2D polymer sheets are a subset of 2D 
crystals, and periodic layered 2D polymers are three-dimensional crystals, in which 
covalent bonding is confined to two dimensions and noncovalent interactions direct 
their organization in the third. It should also be noted that multiple definitions of 2D 
polymers have been employed historically. The term “2D polymer” has been used 
more broadly to include linear polymerizations performed at interfaces or in layered 
noncovalent assemblies, or to irregularly cross-linked polymers confined to surfaces or 
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layered films. Each of these methods provides 2D objects that lack periodic 
bonding9,10. However, spatially confined polymerizations represent pioneering 
examples of controlled reactions within organized molecular assemblies, an important 
step towards 2D polymerization. The term “2D polymer” was also defined more 
restrictively to include only materials isolated as single sheets11, a milestone that was 
achieved only recently12. We describe polymers with 2D topologies in all of the above 
isolated forms, just as we consider a linear polymer to be inherently one-dimensional 
whether it is found in the bulk, dissolved in solution, or isolated as an individual 
macromolecule. However, we consider 2D networks linked by coordination bonds or 
other noncovalent interactions to be outside the scope of this Review. 
Graphite, graphene13, and hexagonal boron nitride14,15 are prototypical 2D 
polymers whose optical, electronic, and mechanical properties have attracted intense 
contemporary interest. These materials feature distinct properties from other 2D 
materials, such as ionic 2D crystals16, as a result of their covalent bonding. These 2D 
polymers are prepared via exfoliation17, epitaxial growth18, or pyrolytic 
decomposition19,20 techniques, which preclude rational modification of their structure. 
A wide variety of nanometer-size graphene fragments21 have also been synthesized 
using both top-down and bottom-up approaches. Structurally precise 
“nanographenes”22, the largest of which contains 222 carbon atoms23, are derived from 
multistep synthetic pathways rather than a single polymerization reaction. Such 
approaches are likely to prove inefficient for preparing significantly larger systems. 
Nevertheless, these hydrocarbons are useful models of structurally precise graphene 
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subunits and exhibit desirable optoelectronic properties as a consequence of quantum 
confinement and their specific edge structure. 
Although the properties of synthetic 2D polymers are only now being 
explored, they offer several features that distinguish them from linear 
macromolecules. For example, 2D polymers derive their topology from the 
directionality of their covalent linkages and offer a means to organize chemical 
functionality with atomic precision over long distances. In contrast, subtle changes in 
chemical structure can dramatically and unpredictably affect the solid-state structure 
of molecular compounds24,25 and linear polymers26-28. Many noncovalent assemblies 
show similar structural order29-32, but 2D polymers promise to be far more robust. The 
mechanical properties and stability of both free-standing 2D polymer sheets and their 
multilayer assemblies are as yet untested, but should reflect their covalently bonded 
structure, in contrast to the interchain interactions of entangled 1D polymers (Figure 
1.1). 2D polymers also frequently feature permanent pores of defined size and shape, 
providing high specific surface areas and free volume suitable for postsynthetic 
functionalization. As such, they might prove useful as membranes and for filtration, 
molecular recognition and sensing, catalysis, optoelectronic devices, and many other 
applications that leverage specific molecular organization. Realizing these 
opportunities will require general and robust methods to synthesize, isolate, and 
characterize 2D polymers in their various forms. 
Two-dimensional polymerizations are distinct from their linear counterparts in 
that they must precisely control monomer assembly before or during covalent bond 
formation. Otherwise, aperiodic, cross-linked networks are obtained. Two strategies 
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provide such control:  Thermodynamic approaches perform monomer assembly and 
polymerization simultaneously under dynamic bond forming conditions (Figure 1.1c), 
providing 2D polymers commonly known as covalent organic frameworks (COFs). 
Kinetic approaches (Figure 1.1d) polymerize building blocks preorganized into 2D 
assemblies, and are thus compatible with irreversible reactions. Both approaches rely 
on shape-persistent monomers and directional interactions to enforce specific bonding 
geometries, and all existing examples employ an interface or layered crystal to 
template the formation of the desired 2D structure. This chapter describes emerging 
2D polymerization methods and highlight important developments that influenced 
these approaches.  
Thermodynamic Synthesis of 2D Polymers: Covalent Organic Frameworks 
The most general existing 2D polymerization strategy provides layered periodic 
networks linked by covalent bonds known as covalent organic frameworks. COFs are 
synthesized by condensing appropriately designed monomers under reversible bond-
forming conditions. The dimensionality (2D or 3D) and topology of the COF result 
from the shape of the monomers and the relative orientations of their reactive groups 
(Figure 1.2). COF synthesis is modular, as chemically distinct monomers provide 
identical network topologies provided that these design criteria are preserved. No 
other 2D polymerization strategy currently provides comparable scope and a 
straightforward means to predict and tune the network structure. 
 COF synthesis was informed by prior advances in other classes of framework 
materials and designed noncovalent assemblies. Seminal work by Lehn33,34, Robson35, 
Wuest36,37, and Fujita38 established the connection between network structure and
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coordination geometry within 2D coordination networks, 3D coordination polymers, 
3D hydrogen-bonded networks, and coordination cages, respectively. These concepts 
were elaborated to synthesize permanently porous 3D coordination polymers known 
Figure 1.1 | Schematic illustration of the structures of a) one-dimensional and b) two-dimensional 
polymers and (c,d) strategies for 2D polymerization. a) Some 1D polymers pack into crystalline 
domains (blue shaded regions) within a disordered matrix while others are amorphous in the solid-state. 
b) 2D polymers can be isolated as multilayer crystals (shown) or as individual sheets. c) 2D 
polymerization under thermodynamic control, in which bond formation and crystallization occur 
simultaneously. d) 2D polymerization under kinetic control relies on monomer assembly prior to bond 
formation. 
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as metal-organic frameworks (MOFs)39 or porous coordination polymers (PCPs)40. 
These high surface-area materials have attracted intense recent interest for gas storage, 
separation, and catalysis. The MOF/PCP approach has proven to be remarkably 
versatile, with thousands of new materials reported in the last decade41-45. 
One of the challenges of extending MOF design concepts to covalently linked 
polymers is that many organic functional groups do not undergo dynamic exchange 
processes as readily as coordination complexes, which typically possess lower bond 
strengths. COF synthesis relies on reversible covalent bond-forming reactions, such as 
condensations that furnish boroxines or imines. These and other equilibria have been 
used in various dynamic molecular and polymeric systems. Relevant examples include 
the concept of dynamic covalent chemistry46, in which a single receptor is amplified 
from a complex, equilibrating mixture in the presence of a template, as well as in the 
syntheses of organic polyhedra47-49, ladder polymers50,51, and reorganizing, self-
repairing polymers52-54. COF synthesis expands on these examples of dynamic 
covalent bond formation to achieve predictable long-range order in 2D or 3D. 
 Yaghi and coworkers synthesized the first COFs, which were two distinct 2D 
COFs containing 1,4-phenylenebisboronic acid (PBBA)55. A boronate ester-linked 
network designated COF-5 (Figure 1.2a), obtained from condensing PBBA and 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), represents a prototypical 2D COF 
structure. COF-5 adopts a hexagonal unit cell (a = b = 2.97 nm) whose 
macromolecular sheets stack in an eclipsed fashion, similar to that found in hexagonal 
boron nitride, with a 0.34 nm interlayer spacing, similar to that of graphite. This 
structure, as well as all subsequent COFs, was assigned by comparing its refined
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Figure 1.2 | a) Condensation of HHTP and PBBA provides a prototypical 2D COF (COF-5). Its 
topology and chemical structure (inset) are displayed. b) Equilibria that have provided bulk 2D COFs 
are given, as well as all monomers used to synthesize layered 2D COFs by the date of acceptance 
(March 7, 2013). Materials derived from monomers not discussed in the text are given with references. 
PBBA 
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powder X-ray diffraction (PXRD) pattern with simulated patterns of eclipsed and 
staggered stacking arrangements; no single-crystal X-ray structure of a 2D COF has 
been reported to date. COF-5 exhibits permanent porosity with high surface area (1590 
m2 g-1), a narrow pore size distribution, and excellent thermal stability (>350 ºC). 
COF-1, a 2D COF derived from the dehydration of PBBA, was reported 
simultaneously with COF-5, and remains the single example of staggered interlayer 
stacking. Its benzene subunits are arranged above boroxine rings in adjacent layers, 
likely due to the size and electronic complementarity of its boroxine and benzene 
subunits not found in networks with larger aromatic surfaces56. 
 Several recent computational studies have investigated the structure of 2D 
COFs in greater detail than has been possible to measure experimentally. Aromatic 
systems do not typically crystallize into fully eclipsed cofacial structures, as suggested 
by refinement of 2D COF PXRD data. It is likely that they adopt slightly offset 
structures that balance attractive forces with repulsive electrostatic interactions. 
Indeed, density functional theory calculations (Figure 1.3) by Clancy57, Heine58,59, and 
Zhou60, identified offset structures as energy minima. Clancy and coworkers also 
correlated the preferred offset to the density of boron-oxygen linkages in each COF61, 
suggesting that interlayer boron-oxygen or boron-aromatic interactions may also 
influence COF structure. These offsets have no single preferred direction with a 
minimum energy observed in a symmetric ring in the potential energy surface (Figure 
1.3b). This finding indicates that the layers likely adopt random offsets from a vector 
normal to the stacking direction. However, these offsets have yet to be confirmed 
experimentally because peak broadening in powder samples is too large to 
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differentiate between eclipsed and slightly offset structures. High-resolution 
microscopy or complementary spectroscopy will be necessary to confirm these 
calculations in lieu of higher resolution X-ray diffraction. Recently, Jiang and 
coworkers further engineered COF offsets by incorporating arene-perfluoroarene 
interactions62, which are expected induce closer interlayer packing. 
 Thirty-seven unique 2D COFs have now been synthesized as layered crystals, 
most linked by boronate esters, including several 3D networks63-65 outside the scope of 
this review. Monomers utilized in 2D COFs are shown in Figure 1.2b. Most are 
planar, though Zheng and coworkers crystallized a 2D COF using a bowl-shaped 
 
Figure 1.3 | a) Partial structure of a 2D COF whose preferred interlayer offsets were calculated using 
DFT. b) Potential energy surface as a function of interlayer offset of the COF in a). c) The lowest 
energy structure of the COF represented in a). Fig. b) and c) were adapted from ref. 57.  
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monomer, hexahydroxycyclotricatechylene (CTC), linked by PBBA (CTC-COF)66. 
Adjacent columns of stacked CTC units face in opposite directions, forming rippled, 
rather than planar, 2D polymer sheets. A 2D COF incapable of cofacial stacking that 
incorporated hexahydroxytriptycene linked by PBBA (TDCOF-5)67 was reported by 
El-Kaderi and colleagues, which exhibited an out-of-plane lattice parameter 
commensurate with this difference in packing. Many polyfunctional boronic acids 
have provided 2D COFs, but the structural diversity of the catechol component has 
remained limited. Only HHTP55,68-71, octahydroxyphthalocyanine 172-74, and 1,2,4,5-
tetrahydroxybenzene75-78 have been incorporated into multiple materials. The low 
solubility and oxidative sensitivity of planar polyfunctional catechols complicates 
large-scale synthesis and storage, and oxidized catechol building blocks are known 
contaminants of isolated frameworks. Spitler and Dichtel developed an alternative 
method73 in which boronate esters are formed from soluble and bench-stable catechol 
acetonides in the presence of the Lewis acid catalyst BF3·OEt2. This method provided 
square free-base and Ni phthalocyanine-containing frameworks, as well as COF-5 and 
the HHTP-biphenyl network known as COF-1068. A mechanistic study of boronate 
ester formation79 revealed several complex equilibria, including non-productive 
BF3·ArB(OH)2 complexes, suggesting that alternative Lewis acids might further 
improve this approach. 
 Though boronic acid condensations now dominate the 2D COF literature, other 
equilibria also provide 2D crystalline networks. Trimerization of the nitrile moieties of 
1,4-dicyanobenzene under ionothermal conditions (molten ZnCl2, 400 ºC) yields a 
hexagonal triazine-linked framework80. However, this COF showed limited 
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crystallinity, and these reaction conditions are unlikely to tolerate many functional 
groups. This contrasts with triazine formation under mild acid-catalyzed conditions, 
which is irreversible, providing high surface area, but amorphous, porous polymers. 
Carbonyl condensation reactions also show promise, as demonstrated by 2D imine81 
and hydrazone-linked82 COFs synthesized under solvothermal acid-catalyzed 
conditions. Notably, two enamine-linked COFs derived from the condensation of 
linear diamines and triformylglucinol exhibited enhanced stability to concentrated 
aqueous acid and boiling water83. Borazine-linked frameworks have also been 
reported, which were synthesized from the thermal decomposition of an ammonia-
borane precursor84. Other reversible reactions might also provide crystalline networks, 
and broadening the range of COF linkage chemistries represents an important 
challenge to increase the scope of 2D polymerization. 
Inspired by intense interest in MOFs and other high surface area materials for 
storing, sequestering, or separating technologically relevant gases, 2D COFs were 
initially evaluated for these applications. COFs are comprised of lightweight elements 
that could provide improved gravimetric storage capacity and many adsorb significant 
amounts of CH4, CO2, and H288,89. COF-10 demonstrated notable NH3 uptake90, 
outperforming zeolite 13X, sulfonic acid-containing polymer Amberlyst 15, and 
mesoporous silica MCM-41. The strong interaction between the COF and NH3 derives 
from the Lewis acidity of its boronate ester linkages. Decreased NH3 uptake observed 
over three adsorption-desorption cycles was attributed to turbostratic disorder induced 
into the 2D layered crystals, suggesting that using Lewis acidic 3D COFs might 
improve performance. Generally, two-dimensional COFs display smaller surface areas 
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than their 3D counterparts and many MOFs88, in part because their 2D architectures 
are inherently more dense. 
Post-synthetic modification of 2D COFs leverages the periodicity of the 
framework to organize secondary functionality, either through covalent or 
coordinative bonding. Wang and coworkers81 prepared a 2D imine-linked framework, 
COF-LZU1, by condensing 1,3,5-benzenetricarboxaldehyde and 1,4-diaminobenzene. 
COF-LZU1 adopts a nearly eclipsed layered crystal with 1.8 nm-wide pores and is 
hypothesized to bind metal ions through bidentate coordination to proximal N atoms 
in adjacent layers. For example, 0.5 equivalents of Pd2+ per unit cell were incorporated 
by soaking COF-LZU1 in a solution of Pd(OAc)2, inducing only minor changes to its 
PXRD pattern. The resulting Pd-loaded COF is a highly active catalyst for the Suzuki-
Miyaura cross-coupling reaction, achieving high yields (often >97%) at low catalyst 
loadings (≤1 mol% Pd). Control experiments suggested that bound Pd ions were the 
active catalysts, and the insoluble COFs were easily recovered and recycled at least 
four times without loss of activity. This study demonstrates a promising future for 2D 
polymer catalysts to combine specific metal-coordination environments, the 
operational simplicity of heterogeneous catalysis, and substrate selectivity imparted by 
the pore structure, though further improvements in stability are needed. Another 
example of COF functionalization was reported by Jiang and coworkers70, who 
performed Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reactions within the 
pores of 2D COFs bearing azide moieties. Several cycloaddition partners and 
functionalization densities demonstrate the versatility of this strategy to distribute 
external functionality throughout the porous crystal. 
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 A distinctive aspect of 2D layered COFs is their long-range π-orbital overlap 
in the stacking direction, which gives rise to high exciton and charge mobilities of 
interest for optoelectronic devices. First, their pores run parallel to the stacking 
direction, providing an opportunity to introduce complementary organic or inorganic 
semiconductors. The resulting vertically aligned p-n junctions embody a morphology 
long thought to be ideal for photovoltaic performance91. Second, the stacked π-
systems found in COFs adopt zero degree dihedral angles between layers, maximizing 
their orbital interactions, in contrast to discotic liquid crystals, which often stack into 
less ideal twisted interlayer structures due to steric crowding of their pendant 
mesogens. Finally, COFs generally show excellent thermal stability and do not 
undergo thermal phase transitions, unlike polymeric semiconductors, which frequently 
require thermal or solvent annealing to attain morphologies suitable for reasonable 
photovoltaic performance. 
Jiang and coworkers reported the first photoconductive COFs, each based on 
2,7-pyrene diboronic acid, either self-condensed into a boroxine-linked structure92 
(Figure 1.4a) or co-crystallized with HHTP to yield a boronate ester-linked material69. 
Photoconductivity observed in devices consisting of the COF powder sandwiched 
between Au and Al electrodes (Figure 1.4a, red trace) suggested long-range exciton 
delocalization, presumably through the stacked pyrene moieties. Charge mobilities of 
phthalocyanine- and porphyrin-based COFs were later studied using laser flash-
photolysis time-resolved microwave conductivity, which measures the intrinsic 
charge-carrier mobility of the material independent of defects or impurities. 
Phthalocyanine-based COFs display hole mobilities72 as high as 1.3 cm2 V-1 s-1, while 
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mobilities as high as 8.1 cm2 V-1 s-1 were reported for a porphyrin-containing imine-
linked COF93. Charge separation in COFs has been studied both for COFs in which 
the donor and acceptor are both incorporated into the framework94, or for noncovalent 
post-synthetic functionalization using a soluble fullerene derivative acceptor95. In both 
cases, ultra-fast charge transfer on the time-scale of picoseconds occurred from the 
electron donor to the acceptor. Charge separated states with long-lived lifetimes of 1.5 
µs at 280 K and 1500 µs at 80 K, respectively, were observed in the donor-acceptor 
framework94. Additionally, the first COF-based photovoltaic device was reported95 
using a thienothiophene-containing 2D COF/fullerene hybrid, albeit with an 
unoptimized photoconversion efficiency of 0.053%.  
An outstanding issue in studies of COF charge mobility is how interlayer 
offsets impact their optoelectronic properties. For example, calculations suggest that 
HHTP-containing COFs with perfectly eclipsed stacking could potentially delocalize 
charge carriers over the entirety of the HHTP pillar96, resulting in band-like charge 
transport with mobility as high as 10 m2 V-1 s-1. However, the degree of lateral sliding 
(e.g. offset) between adjacent HHTP molecules in a pillar strongly affects the transfer 
integral between layers97. Charge is delocalized to the greatest extent when the lateral 
offset approaches 3 Å, while offsets of 1 Å between layers have extremely small 
transfer and overlap integrals, resulting in charge localization to a single HHTP 
molecule in a stack. Therefore, controlling the nature of interlayer stacking in 2D 
COFs is likely to strongly influence their charge transport properties.  
One of the most attractive aspects of COFs for optoelectronic applications is 
that their 2D layered structures are preserved even as the molecular structure of the 
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monomers is varied. In contrast, even subtle changes in structure often induce 
dramatic changes in the packing behavior of molecular24 and polymeric26 
semiconductors. For example, Dichtel and coworkers systematically increased the 
pore size of a square Zn phthalocyanine framework to diagonal widths of 2.7, 3.4, 4.0, 
and 4.4 nm by employing increasingly long and structurally diverse diboronic acid 
linkers98. Similarly, hexagonal COF lattices have also been expanded57,99 to 4.0 and 
4.7 nm. These larger pore sizes might accommodate complimentary semiconductors or 
other functional guests. Jiang and coworkers leveraged the modularity of COF 
synthesis to characterize the charge mobility of various cofacially-stacked (Figure 
 
Figure 1.4 | 2D COFs exhibit photoconductivity and variations in charge transport as a function of their 
structure. a) 2,7-pyrene diboronic acid self-condenses into a boroxine-linked 2D COF (left). Crystalline 
powder sandwiched between two electrodes (middle) exhibits photoconductivity (right). Adapted from 
ref. 92. b) The nature of charge transport through 2D porphyrin COFs depends on the presence or 
identity of the coordinated metal ion. Adapted from ref. 100. 
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1.4b) π-systems100. They found the semiconducting properties of porphyrin-containing 
2D COFs to depend strongly on the identity of the central metal ion: the free-base 
porphyrin COF conducts holes, Zn porphyrin COFs are ambipolar, and Cu porphyrin 
COFs conduct electrons. Separately, Jiang and coworkers co-condensed 
complementary triphenylene donors and benzothiadiazole acceptors into a framework 
which retained its 2D layered morphology, a rare example of self-segregated donor-
acceptor systems capable of simultaneous hole and electron conduction101.  
Their high intrinsic mobilities and structural versatility confirm the promise of 
2D COFs as novel organic semiconductors and set the stage for incorporating these 
materials into working devices. The performance of molecular or polymeric 
semiconductors in working devices is strongly affected by impurities and local 
disorder, and the identity and prevalence of relevant defects and impurities within 2D 
COFs remain largely uncharacterized. Such measurements will be facilitated by 
preparing these materials as thin films on both conducting and insulating surfaces.  
Surface-supported 2D polymers: Thermodynamic and Kinetic Approaches 
2D COFs are typically obtained as insoluble powders, an isolated form that limits their 
utility. Microcrystalline powders are suitable for many applications traditionally 
associated with porous materials, including gas storage, separations, and catalysis. 
However, their crystallites are randomly oriented and are not easily interfaced to 
surfaces, including electrodes. 2D polymer membranes and scaffolds will demand 
few-layer, free-standing, or surface-bound materials with controlled orientation. 
Likewise, interfacing COFs reliably to electrodes and insulators will be necessary to 
realize their optoelectronic potential.  Therefore, methods to synthesize multilayer or 
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monolayer 2D polymer films are of great contemporary interest. Surfaces also offer a 
natural interface to template molecular assembly and polymerization in two 
dimensions.  
 Using the same solvothermal conditions that produce COF powders, Dichtel 
and coworkers grew COF thin films on single-layer graphene (SLG) functionalized 
substrates102. Figure 1.5 compares grazing incidence X-ray diffraction (GIXD) data of 
powders and films, revealing their topologies to be identical. However, diffraction 
from powders is observed as an isotropic ring of intensity from low out-of-plane angle 
(Q⊥) to high out-of-plane angle, including the out-of-plane COF stacking, observed in 
the powder at 1.84 Å-1. In contrast, diffraction from thin films is localized to small Q⊥, 
and the stacking peak is absent. These experiments indicate that the π-systems of the 
COF film are oriented normal to the substrate. Scanning electron microscopy (SEM) 
and focused ion beam (FIB) milling of the thin films revealed a continuous COF film 
that conforms to the substrate. This method was generalized to pyrene- and several 
 
Figure 1.5 | a) 2D COF thin films were prepared by including a single-layer graphene-functionalized 
substrate in the polymerization solution. b) Grazing incidence x-ray diffraction (GIXD) of a 2D COF 
powder, whose crystallites are randomly oriented (inset). c) GIXD of the corresponding film, whose 
crystallites are oriented with the stacking direction normal to the graphene surface (inset). Adapted from 
ref. 102. 
PBBA 
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phthalocyanine-based COFs, which each crystallized as an oriented thin film. One of 
the attractive features of this approach is that SLG can be transferred to arbitrary 
substrates and has shown promise as a transparent electrode material103. For example, 
SLG was deposited onto fused SiO2, after which COF films were grown and 
characterized spectroscopically in transmission mode. The generality of this procedure 
will open new applications and characterization methods for 2D COFs that are 
unavailable in their powder forms. This method also represents a means to incorporate 
COFs into optoelectronic devices. 
The above solvothermal conditions produce multilayer COF films that range in 
thickness from 20 – 400 nm but have not accessed crystalline few-layer or monolayer 
films. COF islands consisting of 10 – 25 layers were isolated by Zamora and 
coworkers104 by sonochemically exfoliating bulk COF powders. These multilayers 
were dispersed in solvent and deposited onto highly oriented pyrolytic graphite 
(HOPG), where their thickness was measured by atomic force microscopy (AFM). 
These results suggest that other 2D COFs might also be exfoliated to few or single 
layers, and the properties and stability of materials isolated in this way remain an open 
question. 
Individual 2D COF layers have been grown on metal surfaces through ultra-
high vacuum (UHV) deposition of the monomers8,105,106, an approach pioneered by 
Porte and coworkers8. These single-layer 2D polymers are typically characterized 
using scanning tunneling microscopy (STM), which provides atomic scale resolution 
of the polymer structures and periodicity over ca. 100 x 100 nm field of view (Figure 
1.6). For example, macrocyclic pentagon and heptagon defects were observed107 in 
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COF-1 monolayers alongside the expected fused hexagons. Zamora and coworkers108 
optimized the deposition parameters of acid chloride and alcohol monomers to 
synthesize a single-layer polyester COF that was defect-free over 100 nm2 areas. This 
example demonstrates that fine control of monomer deposition can provide long-range 
order even in the absence of reversible bond formation, as this reaction is unlikely to 
be reversible and no polyester COFs have been prepared in bulk form. COF 
monolayers were also synthesized by evaporating boroxines with pendant aryl 
bromides onto a Au surface to provide noncovalent dimers, which undergo aryl-aryl 
coupling to yield a hexagonal lattice upon heating109. UHV preparation of COFs is a 
2D polymerization technique under kinetic control, in contrast to solvothermal 
polymerizations under thermodynamic control. 
Alternative methods for forming surface-bound COF monolayers utilize 
reversible bond formation to access or improve the long-range order of the polymer.
 
Figure 1.6 | a) PBBA self condenses onto crystalline metal surfaces following UHV deposition. STM 
image (middle) shows formation of COF-1 monolayers containing various 5- and 7-membered ring 
defects. Annealing this film in a humid environment  improves the order of the film (right). Middle 
image adapted from ref. 8. Right image adapted from ref. 111. b) COF-1 nanocrystals dropcast on to 
HOPG (middle) were similarly annealed to provide a monolayer with improved long-range order 
(right). Adapted from ref. 5. 
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Such approaches tolerate a variety of monomer deposition or initial polymerization 
strategies, followed by a final annealing procedure. Dienstmaier and coworkers 
pioneered this approach by depositing COF-1 nanocrystals of 7.8 nm average diameter 
onto HOPG5 (Figure 1.6b). These crystallites were annealed in a humid environment, 
enabling dynamic hydrolysis and reformation of the boroxine linkages. Under these 
conditions, the few-layer, small crystallites ripen into a COF monolayer with ~40 nm 
crystalline domains. Similar COF monolayers were obtained when the PBBA 
monomer itself was used in place of the nanocrystal seeds. The generality of this 
method was subsequently demonstrated for monolayer COFs with pore sizes as large 
as 3.8 nm by lengthening the diboronic acid monomer110. Wan and coworkers also 
improved the order of UHV-deposited monolayers upon annealing in the presence of 
trace amounts of water released by heating a hydrated metal salt at pressure111. These 
results demonstrate that reactivating dynamic bond exchange processes provides a 
means to anneal COF monolayers and improve their long-range order, while also 
mitigating the need to deposit COF monomers under careful conditions. 
Monolayer and multilayer COF films offer a wide range of opportunities for 
further study. First, the full range of linkage chemistries used in COF powders has yet 
to be generalized to oriented thin films. Likewise, the nucleation processes of COFs 
are unknown; control of domain size, film thickness, and selective growth on 
patterned substrates might follow from improved understanding. The porosity of 
multilayer films is also undemonstrated. Ultimately, COF multilayer and monolayer 
films will enable many advanced functions for these materials, and properties such as 
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their ionic and electronic conductivity, dielectric constants, etch resistance, 
patternability, and hydrolytic stability are each areas of immediate interest.  
Molecular Networks and Polymerizations Mediated by Surfaces 
Another strategy for synthesizing single-layer 2D polymers involves depositing shape-
persistent monomers onto a crystalline metal surface. The surface is then heated to 
speed molecular diffusion and activate covalent bond-forming reactions, often aryl-
aryl couplings. The resulting 2D polymers remain adsorbed to the substrate and are 
characterized by STM, revealing their structure, defects, and domain sizes with atomic 
precision. This 2D polymerization strategy emerged from pioneering STM studies of 
2D molecular crystallization and directed noncovalent assembly, which have been 
reviewed previously32,112. Covalent networks have appeared comparatively recently 
and remain much more rare. 
Hecht and Grill reported the first covalent two-dimensional polymers of this 
type by developing the above approach to various halogenated porphyrins6. The 
substitution pattern of the porphyrin monomer determines the dimensionality of the 
resulting coupled products. For example, a porphyrin bearing a single aryl-bromide 
dimerizes on the surface, and linear disubstituted monomers provide 1D polymers, a 
method recently applied to surface-bound molecular wires113-115 and graphene 
nanoribbons116. Tetrafunctional porphyrins produce 2D polymers with dimensions of 
approximately 5 x 5 monomers (Figure 1.7). The authors later modified this approach 
to perform sequential polymerizations based on the lower activation temperature of 
aryl-iodides relative to aryl-bromides7. Heating 5,15-bis(4′-bromophenyl)-10,20-
bis(4′-iodophenyl)porphyrin on Au(111) to 120 °C initiates polymerization at the trans 
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aryl-iodide positions, providing linear porphyrin polymers that retain their aryl-
bromide moieties. These aryl-bromides are activated upon increasing the temperature 
to 250 °C. The resulting 2D polymers were more extended than the single-step 
approach (8 x 8 monomer units and larger) due to the preorganization of the 
intermediate 1D polymer chains in the subsequent 2D crosslinking step. This two-step 
protocol also afforded the opportunity to incorporate additional dibrominated 
monomers selectively during the second polymerization, although the resulting 
materials were not periodic in two dimensions. 
 Abel and coworkers demonstrated 2D polymerization of 1,2,4,5-
tetracyanobenzene (TCB), which tetramerizes to form phthalocyanine networks on 
Au(111), Ag(111), or NaCl/Ag(100) surfaces when coevaporated with Fe117. The 
polymerization depended strongly on the TCB:Fe stoichiometry. At a 1:2 ratio, 
complete cyclization to a 2D polymer was observed, with domain sizes on the order of 
400 nm2, or about 8 – 12 phthalocyanines per side. A 1:4 TCB:Fe ratio instead 
provided isolated phthalocyanines with pendant nitrile groups, which assemble into 
periodic noncovalent arrays. The nature of the surface also played a key role in 
network formation, as polymerizations that took place on Au or Ag gave small domain 
sizes, while, remarkably, those on NaCl formed a single polymeric domain (103–104 
nm2). This large domain size is notable for a 2D polymer synthesized under kinetic 
control and illustrates the large effect of the nature of the surface on the 
polymerization outcome. Future studies of the optoelectronic properties of these 
conjugated phthalocyanine polymers will also be of great interest.  
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 Much like COFs, a key advantage of surface-mediated 2D polymerizations is 
that their topology is predictable based on monomer structure. While the scalability of 
these methods is inherently limited, their characterization by STM provides direct 
evidence of their structure, domain size, and defects. These studies also motivate 
fundamental studies of molecular diffusion on surfaces. For example, Müllen and 
Fasel correlated surface mobility and degree of polymerization as a function of 
monomer size and structure118, though it is not fully understood how this mobility 
changes during the polymerization. Surface-mediated reactions have since expanded 
in scope to include imide119, imine120, and urea121 condensations, which might also be 
amenable to forming 2D periodic networks. Additional opportunities for these 
polymers include organizing guest molecules into periodic arrays, as was shown for 
C60 by Champness and coworkers122. Transferring these polymers to insulating 
substrates might facilitate their electronic characterization and use as templates or 
 
Figure 1.7 | Two-dimensional polymers prepared via surface-catalyzed aryl-aryl coupling. a) Surface-
mediated 2D polymerization scheme of the tetrafunctional porphyrin monomer in b). c) STM image of 
resulting 5 x 5 2D networks. Adapted from ref. 6. 
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coatings, particularly as larger 2D polymers are accessed through on-surface 
polymerization. 
Reactions in Organized 2D Assemblies 
Noncovalent 2D assemblies can organize monomers to place reactive groups in close 
proximity for subsequent polymerization. Such assemblies can derive their 2D form 
from layered crystals, surface confinement, or amphiphile assembly in solution. This 
strategy offers a route to synthesize high molecular weight networks because 
molecular organization can occur over long length scales. The polymerization reaction 
must be efficient, selective, and sufficiently mild to preserve the assembly; however, it 
need not be reversible, greatly expanding the number of compatible bond-forming 
reactions as compared to solvothermal COF synthesis or surface-mediated 
polymerization. 
 Elaborating upon prior work in polymerization within organized assemblies, 
Stupp and coworkers confined two distinct polymerizations within spatially segregated 
domains of an organized molecular assembly9. Amphiphiles containing acrylate (A) 
and nitrile (B) polymerizable functionalities were incorporated into a mesogen that 
assembled into layered 2D sheets (Figure 1.8). Thermally-initiated acrylate and nitrile 
polymerizations cross-link the mesogens into a bilayer superstructure. Although the 
resulting polyacrylate and polynitrile chains lack periodicity in two dimensions, this 
example represents pioneering work towards 2D polymerizations within organized 
assemblies. 
 Ozaki and coworkers demonstrated a 2D polymerization within a crystalline 
monolayer of alkyne-containing monomer 2 on HOPG123,124 (Figure 1.9). Notably, this 
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example is also the first true covalently-linked 2D polymer of which we are aware. 
STM analysis of the monolayers prior to polymerization indicated that both the 
internal diyne and terminal 
alkyne moieties were aligned 
appropriately for topochemical 
polymerization. Indeed, UV 
irradiation yielded a 2D polymer 
linked by two distinct types of 
polyacetylenes. The polymer 
was first characterized using 
Penning ionization electron 
spectroscopy123 to show the 
change in electronic energy 
levels before and after polymerization. As determined by STM124, the lattice 
parameters of the 2D polymer were nearly unchanged from the monomeric form, 
which is likely to be a key design criterion for polymerizations of this type. Müllen 
and coworkers125 subsequently polymerized an isophthalic acid derivative using either 
light or an STM tip to prepare a similar 2D polymer linked by parallel polyacetylenes. 
Like other surface-mediated polymerization techniques, STM-tip induced 
polymerizations provide small quantities and are relatively rare. Additionally, care 
must be taken to characterize such polymerizations using complementary analyses, as 
the STM itself does not provide definitive proof that polymerization has occurred. 
Figure 1.8 | Two distinct polymerizable groups A and B were 
incorporated into a mesogen. Thermal polymerization results 
in a bilayer superstructure with independent linear polymers 
confined to two distinct planes. Adapted from ref. 9 
Mesogen 
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Nevertheless, this method does offer the possibility of patterning with nanometer scale 
resolution126. 
 Sakamoto and coworkers12 elegantly expanded the scope of topochemical 2D 
polymerizations to take place within layered crystals. Their design utilizes a trigonal 
cup-shaped monomer bearing reactive groups on each of its faces. The monomer 
crystallizes into a layered structure in which adjacent monomers face in opposite 
directions, placing an alkyne of one monomer near an anthracene of its neighbor. 
Irradiation of these crystals induced intermolecular [4+2] cycloaddition reactions, 
 
Figure 1.9 | a) Irradiation of alkyne-containing monomers induces simultaneous topochemical 
polymerizations that yield a 2D polymer comprised of linear polyacetylene and polydiacetylene chains 
linked by alkanes. b) STM image of the 2D polymer on graphite. c) The proposed structure of the 2D 
polymer on graphite generated from the Fourier transform of the image in b). The dark lines represent 
the polydiacetylene, while the dotted lines represent the polyacetylene. Graphite is represented by dark 
periodic circles. Adapted from ref. 124. 
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providing a layered two-dimensional polymer (Figure 1.10). Remarkably, the 2D 
polymer multilayers were exfoliated to dispersed single-layers in suitable solvents, 
representing the first example of a rationally synthesized 2D polymer isolated as an 
 
Figure 1.10 | a) Cup-shaped monomers crystallize with their reactive groups in close proximity 
between adjacent monomers. UV light-induced polymerization, followed by exfoliation, provided 
isolated single-layer 2D polymers. b) Large-view TEM of exfoliated few layer 2D polymer sheets (left). 
Higher magnification (right) reveals that the polymers maintain their trigonal shape and topology after 
irradiation. Adapted from ref. 12.  
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individual sheet. Transmission electron microscopy revealed few-layer bundles of 
polymer that sometimes retained the same macroscopic shape as the parent multilayer 
crystal, and selected area electron diffraction revealed that the covalently linked 
polymer retains the topology of its supramolecular precursor. Because molecular 
crystals can be large and synthesized in bulk quantities, this approach provides access 
to high molecular weight 2D polymers on preparative scale. 
2D polymerizations in noncovalent assemblies, though rare, have been 
reinvigorated by the recent work of Sakamoto and coworkers. Demonstrating the 
generality of this approach is an important next step, as it remains difficult to predict 
molecular crystallization with the precision needed for successful topochemical 
reactions. The possibility of a monomer crystallizing into multiple polymorphs might 
also complicate design, although computational crystal structure prediction is 
improving rapidly. 
Conclusion and Outlook 
Synthesizing 2D polymers represents a longstanding challenge in polymer science. 
Several complementary strategies have emerged recently, fueled in part by advances 
in characterization that have enabled unambiguous structural information of these 
insoluble materials. Further advances will provide insight into the properties of these 
polymers, which will determine their applications and inspire new methods to produce 
them. Understanding the fundamental processes of chemical assembly that occur 
during 2D polymerization, including nucleation, error correction, and defect 
formation, are important chemical questions that remain poorly understood. 
Ultimately, 2D polymers represent an exciting class of materials with major 
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opportunities for fundamental study, the promise of novel properties that emerge from 
their unique topology and structural precision, and an as-yet undeveloped application 
space. 
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A. Materials and Instrumentation. 1,4-phenylenebis(boronic acid) (PBBA) and 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), 1,4-dioxane, and mesitylene were 
purchased from commercial sources and used without further purification. Other 
solvents were purchased from commercial sources and purified using a custom-built 
activated alumina solvent purification system. 
Fourier transform infrared spectroscopy (FTIR) was performed on a Thermo 
Nicolet iS10 spectrometer with a diamond ATR attachment. The spectra are 
uncorrected. 
UV/Vis/NIR absorbance spectroscopy of powder samples was performed on a Cary 
5000 spectrophotometer using a praying mantis diffuse reflectance accessory. The 
background was recorded using potassium iodide ground in a mortar and pestle. 
Transmission mode spectra were recorded of COF films grown on SLG/SiO2 
substrates (~1.5 cm2). The background was recorded using a similar SLG/SiO2 
substrate without the COF film. 
Photoemission and excitation experiments were performed on a Horiba Jobin Yvon 
Fluorolog-3 fluorescence spectrophotometer equipped with a 450 W Xe lamp, double 
excitation and double emission monochromators, a digital photon-counting 
photomultiplier, and a secondary InGaAs detector for the NIR range. Correction for 
variations in lamp intensity over time and wavelength was achieved with a solid-state 
silicon photodiode as the reference. The spectra were further corrected for variations 
in photomultiplier response over wavelength and for the path difference between the 
sample and the reference by multiplication with emission correction curves generated 
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on the instrument. Emission from COF films on SLG/SiO2 was observed using a front 
face detection accessory. 
Powder X-ray diffraction (PXRD) was performed on a Rigaku SmartLab X-Ray 
diffractometer in reflectance parallel beam/parallel slit alignment geometry. The 
measurement employed Cu Kα line focused radiation at 1760 W (40 kV, 44 mA) 
power and a Ge crystal detector fitted with a 1.0 mm radiation entrance slit. Samples 
were mounted on zero-background sample holders by dropping powders from a wide-
blade spatula and then leveling the sample surface with a glass microscope slide. No 
sample grinding or sieving was used prior to analysis. Samples were observed using a 
0.04º 2θ step scan from 2.0 – 34.0º with an exposure time of 0.4 s per step. No peaks 
could be resolved from the baseline for 2θ > 34º data and this region was not 
considered for further analysis.  
Grazing incidence X-ray diffraction (GIXD) was performed at the G2 station at 
Cornell High Energy Synchrotron Source (CHESS) using a beam energy of 8.64 ± 
0.01 keV (λ = 0.1435 nm), selected using a single-crystal Be crystal monochromator. 
Motorized slits were used to define a 0.2 × 3 (V×H) mm2 beam, with a typical flux of 
2×1010 photons/s. The data were collected using a 640-element 1D diode-array, of 
which each element incorporates its own pulse counting electronics capable of count 
rates of ~105 photons/s. A set of 0.1° Soller slits were used on the detector arm to 
define the in-plane resolution. The scattering geometry is described in detail 
elsewhere1. Each data set was collected by scanning the detector with the sample 
stationary. The incidence angle α between the beam and sample surface was 0.175°. 
Axes labels Q⊥ and Q|| are defined using the GISAXS convention Q⊥ = 4π/λsin(δ/2) 
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and Q|| = 4π/λsin(ν/2), where δ and ν are the vertical and horizontal scattering angles, 
respectively2. At α=δ=0, ħ Q|| and ħ Q⊥ (where ħ is Planck’s constant) are the 
components of momentum transfer parallel and perpendicular to the sample surface, 
respectively. 
Scanning electron microscopy (SEM) was performed on a FEI Strata 400 FESEM. 
Materials were deposited onto a sticky carbon surface on a flat aluminum platform 
sample holder. No metal sputtering of the sample was necessary.  
Focused ion beam (FIB) patterning and milling was performed using a FEI Strata 
400 FIB Ga+ LIM system. A 1x10 μm Pt strip (~400 nm thickness) was deposited 
using the electron gun onto COF films grown on SLG/Cu and SLG/SiC substrates 
prior to exposing the sample to the FIB. The sample was then milled with the FIB 
using a cleaning cross-section. After milling, the samples were imaged at 5 keV using 
the electron gun. Cross-sectional images were obtained using a stage tilt angle of 52°. 
Thickness measurements made at this angle were corrected by multiplying by 1.26. 
SLG/SiO2 substrates were grounded to the sample holder using sticky carbon prior to 
imaging to minimize charging. Top down and cross-sectional images at 2 keV were 
obtained in the same manner as the SLG/Cu and SLG/SiC substrates. 
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B. Methods. Graphene growth. Single-layer graphene was grown on Cu films 
using previously reported chemical vapor deposition methods3,4. For SLG/SiO2 
substrates, SLG was grown on 25 μm-thick copper foil. A layer of PMMA (50 nm) 
was spin-coated on top of the graphene and the copper was etched using aq. FeCl3. 
The graphene was then transferred to fused SiO2 and the PMMA removed by washing 
with (CH3)2CO. The SLG/SiO2 was finally calcined at 300 °C for 2.5 h.  Epitaxial 
SLG was grown on SiC using a modified cold wall CVD-type reactor with dual heater 
elements. Some samples were prepared under high vacuum growth conditions in the 
10-6 to 10-5 torr range. Additional samples utilized a near atmospheric argon pressure 
growth environment. The temperature regime was 1300 – 1450 °C for growth in 
vacuum and 1350 – 1550 °C in a low argon flow (0.7 bar to 1.2 bar). Semi-insulating 
chemical-mechanical polished (CMP) 1.2 cm x 1.2 cm SiC wafer pieces were used as 
growth substrates. 
General procedure COF-5 film growth on SLG. HHTP (16 mg, 0.049 mmol) and 
PBBA (25 mg, 0.15 mmol) were added to a 15 mL cylindrical pressure vessel and 
suspended in a mixture of mesitylene and 1,4-dioxane (v/v 1:1; 1.0 mL). After 
capping, the mixture was sonicated for 30 min and a graphene-containing substrate 
was added. The sealed vessel was heated in a 90 °C oven for a given reaction time. 
The vessel was cooled to room temperature and the resulting gray powder was 
recovered by filtration and dried under vacuum. The graphene-containing substrate 
was submerged in anhydrous toluene (10 mL) overnight, sonicated for 5 sec, and 
finally dried under vacuum. The PXRD, FTIR, and BET surface areas of the COF-5 
powder samples matched the previous report5.  
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General procedure for the growth of TP-COF film on SLG/SiO2. The above 
procedure was followed using pyrene-2,7-diboronic acid6 (50 mg, 0.17 mmol) and 
HHTP (35 mg, 0.11 mmol) reactants. Crystalline films were observed in as few as 2 
hours. The PXRD and FTIR of the TP-COF powder matched the previous report7. 
These data, as well as the GIXD data and SEM images of the TP-COF thin films, are 
provided in section F. 
General procedure for the growth of NiPc-PBBA COF film on SLG/SiO2. The 
general growth procedure was followed using Ni octahydroxyphthalocyanine8 (10 mg, 
0.014 mmol) and PBBA (7.0 mg, 0.042 mmol) reactants and a mixture of 1,4-dioxane 
(1.0 mL) and MeOH (0.5 mL) as the solvent. The reaction vessel was heated to 120 °C 
in an oven for 18 h. PXRD and FTIR of the powders matched our own data of this 
material grown in the absence of SLG as well as recent published reports9,10. These 
data, as well as the GIXD data and SEM images of the NiPc-PBBA COF films on 
SLG/SiO2, are provided in section G. 
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C. COF-5 Powder Characterization. The following PXRD and FTIR data are 
representative of COF-5 powders isolated from reaction mixtures that include an 
SLG/Cu substrate. 
Figure S2.1. A representative PXRD pattern of an unwashed sample of COF-5 
powder synthesized in the presence of an SLG/Cu substrate (14 h reaction time for this 
sample). 
 
Figure S2.2. A representative FTIR spectrum of an unwashed sample of COF-5 
powder synthesized in the presence of an SLG/Cu substrate (14 h reaction time for this 
sample). The OH-stretch region near 3350 cm-1 of this sample is more attenuated than 
in previous reports of this material. 
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Formation of crystalline COF-5 as a function of reaction time and the presence of 
an SLG-containing substrate. As discussed in Chapter 2, we found that the 
formation of crystalline COF-5 required shorter reaction times than had been reported 
previously. The following PXRD data show the evolution of crystallinity of COF-5 as 
a function of reaction time in the presence of SLG/SiO2. The COF-5 diffractions 
appear even at the earliest reaction times (compared to Fig. S2.1), though these data 
also show prominent residual starting materials. The diffraction patterns are dominated 
by COF-5 at reaction times of 1 h and longer both in the presence and absence of 
SLG/SiO2 as shown in Fig. S2.4. 
 
Figure S2.3. PXRD patterns of COF-5 powder synthesized in the presence of SLG/Cu 
for varying reaction times. 
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Figure S2.4. Three overlaid PXRD patterns of COF-5 powder synthesized in the 
absence (a) and presence (b) of SLG. All reaction times are 1 h. 
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D. Mosaicity Estimate from GIXD. GIXD scans in Figs. 2.2, 2.3, and 2.4 indicate 
that the COF films described here have fiber texture: that is, the π-stacking direction is 
distributed about the substrate surface normal. To obtain an estimate of the angular 
distribution, the azimuthal position of 001 intensity in scans such as shown in Figure 
2.2D is calculated as χ = tan-1(Q||/Q⊥). The scaled, background-subtracted results for 
each of the three films in Fig. 2.3 are shown in Figure S2.5, showing nearly identical 
distributions for each of the three films. The FWHM of these distributions is ~26°. 
Note that because these scans are obtained in grazing incidence rather than in specular 
geometry, they do not correspond to ideal pole figure scans2. Nevertheless, we believe 
these scans provide a reasonable estimate – or at worst an upper bound – of the 
orientational order in the films. Finally, we note that this estimate is in rough 
agreement with analysis of Figs. 2.3B, 2.3D, and 2.3F, based on azimuthal integration 
of in-plane Bragg peaks.  
 
Figure S2.5. Azimuthal intensity distribution of (001) Bragg peaks from three COF-5 
films grown on different substrates, based on scans identical to that shown in Fig. 
2.2D. 
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 E. Micrographs of COF-5 Films on SLG/Cu, SLG/SiO2, and SLG/SiC. 
Figure S2.6. Top-down SEM image of COF-5 film on SLG/Cu (growth time: 30 min). 
 
 
Figure S2.7. Cross-sectional SEM image of COF-5 film grown on SLG/Cu (growth 
time: 30 min). The film thickness was obtained by multiplying the measured values by 
1.26. From top to bottom, the layers are Pt, COF-5 film, Cu, SiO2, and Si. 
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Figure S2.8. Top-down SEM image of COF-5 film on SLG/Cu (growth time: 2 h). 
The Pt bar (1 μm x 10 μm) was deposited on top of the film prior to milling.  
 
 
Figure S2.9. Cross-sectional SEM image of COF-5 film grown on SLG/Cu (growth 
time: 2 h). The film thickness was obtained by multiplying the measured values by 
1.26. From top to bottom, the layers are Pt, COF-5 film, Cu, and SiO2. 
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Figure S2.10. Top-down SEM image of COF-5 film grown on SLG/SiO2 (growth 
time: 2 h). 
 
 
Figure S2.11. Cross-sectional SEM images of COF-5 films grown on SLG/SiO2 
(growth time: 2 h). The film thickness was obtained by multiplying the measured 
values by 1.26. From top to bottom, the layers are Pt, COF-5 film, and SiO2. 
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Figure S2.13. Cross-sectional SEM images at different magnifications of COF-5 film 
grown on SLG/SiC (growth time: 8 h). The film thickness was obtained by 
multiplying the measured values by 1.26. From top to bottom, the layers are Pt, COF-5 
film, and SiC. 
  
 
Figure S2.12. Top-down SEM image of COF-5 film grown on SLG/SiC (growth time: 
8 h). 
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F. TP-COF Powder Characterization and Micrographs of Films. 
 
Figure S2.14. PXRD pattern of an unwashed TP-COF powder synthesized in the 
presence of SLG/Cu (reaction time = 4 h). 
 
Figure S2.15. FTIR spectrum of an unwashed TP-COF powder synthesized in the 
presence of SLG/Cu (reaction time = 4 h). 
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Figure S2.16. Top-down SEM of TP-COF film on SLG/SiO2 (growth time: 4 h). 
 
 
Figure S2.17. Cross-sectional SEM of TP-COF film on SLG/SiO2 (growth time: 4 h). 
From top to bottom, the layers are Pt, C thin film, TP-COF film, SiO2 (appears white 
due to charging). 
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I. NiPc-PBBA COF Micrographs of Films and Powder Characterization 
Figure S2.18. Top-down SEM of NiPc-PBBA COF film on SLG/SiO2 (growth time: 
18 h). 
 
Figure S2.19. Cross-sectional SEM image of NiPc-PBBA COF grown on SLG/SiO2 
(growth time: 18 h). 
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Figure S2.20. PXRD pattern of an unwashed NiPc-PBBA COF powder grown in the 
presence of SLG/SiO2 (growth time: 18 h). 
 
Figure S2.21. FTIR spectrum of an unwashed NiPc-PBBA COF powder grown in the 
presence of SLG/SiO2 (growth time: 18 h). 
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CHAPTER 2 
 
ORIENTED 2D COVALENT ORGANIC FRAMEWORK THIN FILMS ON 
SINGLE-LAYER GRAPHENE 
Abstract 
Covalent organic frameworks (COFs), in which molecular building blocks form 
robust, microporous networks, are usually synthesized as insoluble and unprocessable 
powders. We have grown two-dimensional (2D) COF films on single-layer graphene 
(SLG) under operationally simple solvothermal conditions. The layered films stack 
normal to the SLG surface and show improved crystallinity compared to COF 
powders. SLG surfaces supported on Cu, SiC, and transparent fused silica (SiO2) 
substrates were used, enabling optical spectroscopy of COFs in transmission mode. 
Three chemically distinct COF films grown on SLG exhibit similar vertical alignment 
and long-range order, and two of these are of interest for organic electronic devices for 
which thin film formation is a prerequisite for characterizing their optoelectronic 
properties. 
 
This work was done in collaboration with Arthur R. Woll at the Cornell High Energy 
Synchrotron Source, Mark P. Levendorf and Prof. Jiwoong Park in the Department of 
Chemistry at Cornell University, and Virgil B. Shields and Prof. Michael G. Spencer 
in the Department of Electrical Engineering at Cornell University. This chapter was 
first published in Science: Colson, J. W., Woll, A.R., Mukherjee, A., Levendorf, M.P., 
Spitler, E.L., Shields, V.B., Spencer, M.G., Park, J. & Dichtel, W.R. Science 332, 228 
(2011). Reproduced with permission from AAAS.  
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Methods for crystallizing organic subunits into predictable two-dimensional (2D) and 
three-dimensional covalent organic frameworks (COFs) remain in their infancy1-4. 
COFs organize molecular components into periodic networks linked by covalent 
bonds, providing predictable structures with long-range order usually only found in 
noncovalent assemblies. These materials exhibit many desirable properties, including 
outstanding thermal stability, permanent porosity with high specific surface area, and 
the lowest densities of any organic material5. However, the frameworks are inherently 
cross-linked and insoluble and are produced as either microcrystalline powders from 
solvothermal reactions or submonolayers by sublimation of the monomers onto 
crystalline metal surfaces6-9. The limited utility of these forms precludes many 
applications for COFs. For example, 2D layered COFs incorporate functional π-
electron systems into ordered structures ideally suited for optoelectronic devices10-13. 
As unprocessable powders, these materials cannot be interfaced reliably to electrodes 
or incorporated into devices to harness or even quantify these properties. We now 
report the synthesis of oriented 2D layered COF films on single-layer graphene (SLG) 
surfaces. 
 The remarkable optical, electronic, and mechanical properties of SLG have 
attracted considerable interest, for example, as a possible replacement for tin-doped 
indium oxide transparent electrodes14,15. Its 2D, atomically precise structure is also 
well suited for interfacing to 2D layered networks. Large-scale graphene synthesis by 
metal-based chemical vapor deposition (CVD) has advanced dramatically in recent 
years16-19, including the high-throughput growth of 30-inch wide samples supported on 
plastic substrates20. We demonstrate that oriented COF films form under operationally 
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simple solvothermal conditions on SLG supported by several different substrate 
materials: polycrystalline Cu films on Si wafers (SLG/Cu), fused SiO2 (SLG/SiO2), 
and SiC (SLG/SiC). The COF films are crystalline and oriented with their aromatic 
groups stacked perpendicular to the SLG surface on each substrate. Three boronate 
ester-linked COFs have been crystallized as thin films, including a square Ni 
phthalocyanine lattice of interest for organic photovoltaic devices12,13. 
 The solvothermal condensation of 1,4-phenylenebis(boronic acid) (PBBA) and 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) in a mixture of mesitylene:dioxane 
(1:1 v/v) at 90 °C in the presence of SLG/Cu forms a framework known as COF-5 
 
Figure 2.1 | The solvothermal condensation of HHTP and PBBA in the presence of a substrate 
supported single-layer graphene surface provides COF-5 as both a film on the graphene surface as well 
as a powder precipitated in the bottom of the reaction vessel. 
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(Fig. 2.1), both as an insoluble powder and as a continuous film on the graphene 
surface21. Powder x-ray diffraction (PXRD, see Chapter 2 appendix Fig. S2.1) and 
Fourier transform infrared spectroscopy (FTIR) of the unpurified powders (Fig. S2.2) 
indicated that crystalline COF-5 was obtained with only minor amounts of residual 
reactants in as little as 1 h (Fig. S2.3), faster than the 72 h reaction time used for its 
discovery1. These observations prompted us to investigate whether graphene catalyzes 
COF-5 powder formation, but we obtained similar results in the absence of SLG (Fig. 
S2.4). We conclude that long reaction times are not always necessary to produce 
COFs, suggesting that their films might be incorporated into devices more rapidly than 
previously thought. 
 The crystallinity of the COF-5 films and powders was compared using 
synchrotron X-ray diffraction. Figures 2.2A and 2B show 2D X-ray diffraction 
patterns obtained from a powder sample and a film grown on SLG/Cu, respectively, 
using identical incident beam and scan parameters. The data in Fig. 2.2A were 
collected in transmission mode by suspending a ~0.1 mm thick powder sample 
perpendicular to the incident beam. The Bragg peaks in Fig. 2.2A appear as rings 
because of the random orientation of grains in the sample (see inset). Figure 2.2B, as 
well as all subsequent diffraction data obtained from films use grazing incidence 
diffraction (GIXD), in which the substrate surface is horizontal and nearly parallel to 
the incident beam. Axes labels Q⊥ and Q|| are defined using the convention Q⊥ = 
4π/λsin(δ/2) and Q||  = 4π/λsin(ν/2), where δ and ν are the vertical and horizontal 
scattering angles, respectively22.  In contrast to Fig. 2.2A, the scattered intensity  
in Fig. 2.2B is concentrated near Q⊥ = 0, indicating that grains in the film exhibit fiber 
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Figure 2.2 | (A) X-ray scattering data obtained from COF-5 powder; (inset) schematic of randomly 
oriented COF-5 grains in the powder, as indicated by (A). (B) GIXD data from a COF-5 film on 
SLG/Cu; (inset) schematic of oriented COF-5 grains in the film, as indicated by (B); (C) Projections of 
A (top/blue) and B (middle/red) near Q⊥= 0, and the simulated powder diffraction spectrum 
(bottom/black) for COF-5; (D) GIXD data obtained at large Q⊥, showing an off-specular projection of 
the COF-5 film (001) Bragg peak; (E) Top-down SEM image of the COF-5 thin film studied in B, C, 
and D. 
 
texture: their c-axis orientations are centered about the surface normal, but they are 
randomly rotated about this axis (see inset). Projections of these data sets near Q⊥ = 0 
(Fig. 2.2C) indicate peaks from both samples at 0.24, 0.42, 0.48, 0.64, 0.84, and 0.88 
Å-1, corresponding to 100, 110, 200, 210, 220, and 310 Bragg peaks of a hexagonal 
lattice with a = b = 29.9 Å, extremely close to the calculated (30.0 Å) and measured 
(29.7 Å) values previously reported for COF-5 powders1. The concentration of these 
peaks near Q⊥ = 0 in the film show that the hexagonal lattice of the COF-5 grains is 
aligned parallel to the substrate surface. 
 Figure 2.2C highlights additional peaks not shared by both samples. First, the 
film exhibits additional diffraction peaks at 0.97, 1.06, 1.21 and 1.27 Å-1 that are not 
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present in Fig. 2.2A or in reported PXRDs of COF-5 powder. These peaks correspond 
to the COF-5 400, 320, 500, and overlapping 330 and 420 Bragg peaks. Additionally, 
the 200 peak (at 0.48 Å-1) is attenuated in the film compared to the powder. This 
difference can arise from trace impurities in the pores or from subtle differences in the 
horizontal offset between layers in the film compared to the powder23. Powder rings in 
Fig. 2.2A at 1.27, 1.68, 1.87, and 1.94 Å-1 correspond to Bragg peaks from residual 
starting materials trapped in the pores of the unpurified powder samples. The broad 
powder ring in Fig. 2.2A centered at 1.83 Å-1 corresponds to the 001 Bragg peak, and 
indicates that the stacked COF-5 sheets are in van der Waals contact (c = 3.43 Å). This 
peak is absent in Fig. 2.2B because the c-axes of grains in the film are oriented 
perpendicular to the substrate. Instead, the 001 peak of the film is observed (Fig. 2.2D) 
as a diffuse arc of scattering centered at Q⊥ = 1.85 Å-1 by obtaining additional 
measurements near Q|| = 0 and large out-of-plane diffraction angle, corresponding to 
large Q⊥. The width of this peak in Q|| provides a rough measure of the orientational 
order in the film24, and indicates (see Chapter 2 appendix, page S2 - 10) that most 
grains orient their c-axes within ±13 degrees of the surface normal (Fig. S2.5). Debye-
Scherrer analysis of Figs. 2.2B and 2.2D, taking instrumental resolution into account 
and assuming platelet-shaped grains25, indicates that the grains are ~6.8 ± 0.3 nm tall x 
46 ± 2 nm across, corresponding to approximately 20 unit cells laterally and vertically. 
 The coverage and thickness of the films on the SLG surface was evaluated by 
scanning electron microscopy (SEM). A top-down micrograph of a COF-5 film grown 
on SLG/Cu for 30 min (Fig. 2.2E) indicates complete coverage of the film over the 
graphene surface. A few bulk COF-5 crystallites are scattered on top of the film, 
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which are observed in greater frequency when longer reaction times are used. They are 
not strongly associated to the underlying film, and most are removed by sonicating the 
substrate in dry toluene for 10 s, after which the micrographs are uniform over ~100 
μm2 areas. Grain boundaries in the COF film appear in the micrograph as thin dark 
lines that we attribute to the roughness of the underlying polycrystalline Cu layer as 
they are not observed when COF-5 is grown on SLG on smoother substrates (for 
additional representative micrographs, see Figs. S2.6 to S2.9). Cross-sectional 
micrographs were obtained after depositing a protective layer of Pt (400 nm) and 
milling the sample using a Ga+ focused ion beam (FIB). The cross-section of a film 
grown for 30 min (Fig. 2.3A) shows a continuous COF layer of 195 ± 20 nm 
thickness, corresponding to approximately 580 layers. The GIXD of this sample (Fig. 
2.3B) was identical to that obtained from the 2 h film (Fig. 2.2B), indicating similar 
crystallinity and alignment. A discontinuity in the Cu is observed in Fig. 2.3A; though 
the structure of the graphene at this defect is not known, the COF film conforms to the 
indentation.  
 Although these studies were performed on SLG supported by its Cu growth 
metal, our synthetic method is general for SLG transferred to other substrates, 
including transparent fused SiO2 (SLG/SiO2). This flexibility facilitates studying the 
role of the underlying substrate on COF film growth, and provides a direct route for 
incorporating COFs into a wide range of devices. COF-5 shows similar structure and 
alignment on SLG/SiO2 compared to SLG/Cu. The GIXD of a film (Fig. 2.3D, 2 h 
reaction time) exhibits the same 100, 110, 200, 210, 220, 310, 400, 320, 330, 420, and 
500 Bragg peaks with diffraction intensities all localized near Q⊥ = 0. A cross-
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sectional micrograph (Fig. 2.3C) of the film obtained after FIB milling shows a COF-5 
film thickness of 94 ± 5 nm as well as a more uniform film/substrate interface 
compared to SLG/Cu. Top-down micrographs (Fig. S2.10) show fewer bulk 
crystallites and none of the cracks observed in the films grown on SLG/Cu. Films 
grown on SLG/Cu are consistently thicker than those grown on SLG/SiO2 at 
equivalent reaction times (Fig. S2.11), suggesting that the Cu surface (including its 
defect sites) plays a role in COF nucleation. Since the graphene on each substrate is 
derived from the same CVD process, we conclude that the thickness and uniformity of 
the film is strongly affected by the quality of the underlying substrate.  
 COF-5 films also form on SLG derived from the thermal decomposition of SiC 
from its Si-terminated basal plane (SLG/SiC). SLG/SiC exhibits reduced surface 
roughness and larger graphene domains compared to SLG/Cu26,27. Top-down 
micrographs of COF-5 films grown for 8 h indicate the formation of continuous films 
with no visible grain boundaries and few bulk crystallites (Fig. S2.12). Cross-sectional 
micrographs obtained of FIB-milled samples indicate a uniform film with a thickness 
 
Figure 2.3 | (A) Cross-sectional SEM of a COF-5 film on SLG/Cu (30 min growth time, 195 ± 20 nm 
thickness) and (B) GIXD of the film; (C) Cross-section of a COF-5 film on SLG/SiO2 (2 h growth time, 
94 ± 5 nm thickness) and (D) GIXD of the film; (E) Cross-section of a COF-5 film on SLG/SiC (8 h 
growth time, 73 ± 3 nm thickness) and (F) GIXD of the film. 
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of 73 ± 3 nm (Figs. 2.3E and S2.13). The relatively thin COF film grown on SLG/SiC 
in 8 h follows the thickness trend observed for SLG/Cu and SLG/SiO2. GIXD of the 
film indicates similar diffraction patterns as those grown on the other substrates, 
suggesting a highly crystalline, vertically oriented film. The epitaxial relation between 
SLG and the single-crystal SiC substrate allowed us to determine that the COF-5 film 
does not grow epitaxially with respect to the graphene, as rotation of the sample 
during the GIXD experiment did not reflect the six-fold symmetry of the COF lattice. 
This finding suggests that matching the COF lattice size and symmetry to the 
underlying graphene is not necessary to obtain crystalline films (see below). 
 The crystallinity and alignment of COF films on transparent SLG/SiO2 
substrates provides a means to organize functional π-electron systems within 
optoelectronic devices. Accordingly, films of two of the first COF semiconductors 
were grown on SLG/SiO2. One of these frameworks, known as TP-COF11, arises from 
incorporating a pyrene-2,7-diboronic acid linker in place of PBBA into the hexagonal 
COF-5 lattice (Fig. 2.4A). We obtained TP-COF in both thin film and powder form 
using similar conditions to those described above (see Figs. S2.14 to S2.15 for powder 
characterization and S2.16 to S2.17 for top-down and cross-sectional micrographs). 
The GIXD of the films (Fig. 2.4B) indicates similar vertical alignment of the 2D 
lattice, as judged by the attenuation of the signals with increasing Q⊥ and the absence 
of the out-of-plane 001 diffraction. The increased pore size of TP-COF is apparent 
from the prominent 100 diffraction at 0.19 Å-1, and the 110 (0.34 Å-1), 200 (0.39 Å-1), 
210 (0.52 Å-1) are also observed. Refinement of these data provided lattice parameters 
a = b = 37.7 Å in excellent agreement with those derived from PXRD data of TP-COF 
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Figure 2.4 | (A) The TP-COF chemical structure, (B) GIXD of a film on SLG/SiO2, (C) and 
transmission UV/Vis spectrum and emission spectrum (λexc = 352 nm) of the film. (D) The NiPc-PBBA 
COF chemical structure, (E) GIXD of a film on SLG/SiO2, and (F) transmission UV/Vis/NIR spectrum 
of the film. 
 
powders (37.5 Å)11. The transparent SLG/SiO2 substrate enabled 
ultraviolet/visible/near infrared (UV/Vis/NIR) spectroscopy of a COF film in 
transmission mode for the first time (Fig. 2.4C, red trace). The spectrum is consistent 
with the presence of both HHTP and pyrene chromophores and shows improved 
vibrational resolution of the absorbance bands relative to the diffuse reflectance 
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spectrum of the powder sample. The photoluminescence of the film (Fig. 2.4C, blue 
trace) is characteristic of pyrene excimer emission over all excitation wavelengths, 
arising from efficient energy transfer from HHTP to pyrene that was observed in TP-
COF powders. 
 Finally, we confirmed that COFs lacking hexagonal symmetry may also be 
crystallized on SLG by preparing a Ni phthalocyanine-PBBA COF on SLG/SiO2 (Fig. 
2.4D). GIXD of the film (Fig. 2.4E) again exhibited diffraction peaks localized near 
Q⊥ = 0 located at 0.27 Å-1 (100), 0.55 Å-1 (200), 0.81 Å-1 (300), and 1.08 Å-1 (400). 
These data correspond to a vertically aligned 2D square lattice with parameters a = b = 
23.0 Å that match those obtained from the characterization of the powder sample. 
Cross-sectional images indicated a continuous film of approximately 210 ± 25 nm 
thickness (Figs. S2.18 to S2.19). The translucent, turquoise films absorb strongly over 
the visible range of the spectrum as a consequence of the Ni phthalocyanine 
chromophores (Fig. 2.4F). Both the films and the powders are nonemissive, as is 
expected for H-aggregated phthalocyanines (see Figs. S2.20 to S2.21 for powder 
characterization). These vertically aligned, porous phthalocyanine COFs are intriguing 
precursors of ordered heterojunction films long thought to be ideal for organic 
photovoltaic performance28. 
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CHAPTER 3 
LATTICE EXPANSION OF HIGHLY ORIENTED 2D PHTHALOCYANINE 
COVALENT ORGANIC FRAMEWORK FILMS 
Abstract 
Oriented 2D covalent organic framework (COF) films organize phthalocyanines into 
periodic, porous networks ideally suited for vertical charge transport. These films are 
precursors of ordered heterojunctions but their pores were previously too small to 
accommodate continuous networks of complementary electron acceptors. Here we 
increase the pore size of four phthalocyanine COFs well into the mesoporous regime. 
One of these films shows unprecedented crystallinity and nearly perfect vertical 
alignment. 
 
Portions of this work were performed in collaboration with Brian T. Koo and Prof. 
Paulette Clancy in the School of Chemical and Biomedical Engineering at Cornell 
University. This chapter was published in full in Angewandte Chemie International 
Edition and the Journal of the American Chemical Society: Spitler, E. L., Colson, J. 
W., Uribe-Romo, F. J., Woll, A. R., Giovino, M. R., Saldivar, A. & Dichtel, W. R. 
Angew. Chem. Int. Ed. 51, 2623 (2012) and Spitler, E. L., Koo, B. T., Novotney, J. L., 
Colson, J. W., Uribe-Romo, F. J., Gutierrez, G. D., Clancy, P. & Dichtel, W. R. J. Am. 
Chem. Soc. 133, 19416 (2011). Both documents are reproduced with permission. 
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Directing the long-range order and orientation of organic semiconductors is critical to 
improving their performance1. Multicomponent films used in bulk heterojunction 
organic photovoltaic devices (OPVs) present the greatest difficulty, as the packing, 
alignment, and interfaces of two incompatible materials must be controlled in a 
systematic manner2. Strategies for manipulating molecular or polymer organization 
over micron length scales combine aspects of chemical design and processing 
techniques. Notable synthetic approaches include crystal engineering of acene-based 
organic semiconductors3 and noncovalent assembly mediated by appended 
functionality4, including discotic liquid crystals5, or shape complementarity6. 
However, it remains extremely difficult to predict or design the packing of functional 
aromatic systems, as small chemical modifications often induce major changes in 
solid-state structure. Order and orientation over longer length scales are typically 
achieved during film formation or annealing through substrate patterning7, electrical or 
magnetic field alignment8, zone refining9, or diblock copolymer phase separation10. 
 Covalent organic frameworks (COFs) are an emerging class of materials that 
organize and align organic semiconductors predictably11-14. COF syntheses use 
reversible covalent bond-forming reactions to link molecular building blocks into 
periodic two-dimensional (2D) or three-dimensional networks. The 2D variants 
crystallize into layered structures containing stacked aromatic subunits ideal for 
interlayer exciton and charge transport15-17. 2D COFs exhibit several desirable and 
unique features: The length and relative orientation of their linking groups determine 
the lattice structure, in contrast to the unpredictable packing of traditional organic 
semiconductors. Also, their permanent porosity provides a continuous, high surface-
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area interface for additional functionalization. COFs are typically isolated as insoluble 
and unprocessable powders not easily incorporated into devices, but we recently 
synthesized oriented COF thin films on single-layer graphene (SLG)18. These films 
would be well suited for ordered heterojunctions except their pores are too small to 
accommodate continuous domains of complementary semiconductors. Feasible lattice 
expansion is a tenet of reticular chemistry but is largely undemonstrated in COFs. 
Only the smallest possible pore width (2.3 nm) of the square phthalocyanine network 
most relevant for OPVs has been reported13. Here we describe 2D Zn phthalocyanine 
(ZnPc) COFs with expanded diagonal pore widths of 2.7, 3.4, 4.0, and 4.4 nm (Fig. 
3.1), using the longest linkers incorporated into COFs thus far. We prepared each COF 
under similar reaction conditions, both as an insoluble powder and as an oriented film 
on SLG. One of the ZnPc COF films exhibits superior crystallinity and vertical 
 
Figure 3.1 | Chemical and extended structures of the expanded ZnPc COFs. Each COF forms a two-
dimensional layered network containing zinc phthalocyanines joined by (left to right) pyrene, 
diphenylbutadiyne, naphthalenediimide and phenylbis(phenylethynyl) units. 
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alignment compared to any other film we have prepared. Tuning the porosity and 
composition of these materials while maintaining their desirable topology 
demonstrates the versatility and power of the COF approach. 
 The COFs were synthesized as powders by condensing Zn 
octahydroxyphthalocyanine (1) with each of the four different linear diboronic acid 
linkers shown in Figure 3.2. The COF syntheses were performed in sealed glass 
ampoules in 2:1, 3:1, or 5:1 
mixtures of dioxane:MeOH at 
120 °C for 72 h. The COFs were 
reproducibly isolated as 
insoluble microcrystalline 
powders whose FT-IR spectra 
confirmed the formation of 
boronate ester linkages resonant 
near 1340 cm-1 and showed 
attenuated hydroxyl stretches (see Chapter 3 appendix Figs. S3.8 to S3.17). The COFs 
display excellent thermal stability, each retaining about 90% of its mass upon heating 
to 350 °C (Fig. S3.26). ZnPc-Py COF and ZnPC-NDI COF crystallize as needle-like 
structures, while ZnPc-DPB COF forms rough irregular sheets and ZnPc-PPE COF 
forms smooth µm-size aggregated spheroids, as observed by scanning electron 
microscopy (SEM, See Fig. S3.31). 
 The crystallinity of the synthesized COFs was determined by powder X-ray 
diffraction (PXRD). As observed in Fig. 3.3, each of the COFs displays a PXRD 
Figure 3.2 | Synthesis of 2D ZnPc covalent organic 
frameworks. 
3 
4 
5 
6 
1 
1 
1 
1 
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pattern with a large diffraction peak at 2θ (CuKα radiation) and d-spacings of 3.20° 
(27.6 Å) for ZnPc-Py COF, 2.67° (33.1 Å) for ZnPc-DPB COF, 2.44° (36.2 Å) for 
ZnPc-NDI COF and 2.36° (37.4 Å) for 
ZnPc-PPE COF. Additionally, all the 
COFs observed a small broad peak at 
26.5° (ca. 3.35 Å); which is similar to 
those observed in other 2D COFs and 
other 2D layered materials such as 
graphite and boron nitride19. The 
diffraction peaks of each COF are 
consistent with a primitive tetragonal 
unit cell in which the (100), (200), 
(300), (400), (500) and (001) reflections 
were observed, as well as the weak 
(110) reflection for the ZnPc-DPB and 
ZnPcPPE COFs. Each COF is 
comprised of square-shaped ZnPc 
building blocks and linear linkers of 
varying length that form square planar 
sheets that stack in a highly symmetric 
eclipsed or nearly eclipsed fashion. 
Based on this hypothesis, we modeled t Figure 3.3 | Experimental vs. predicted (green) 
PXRD patterns of a) ZnPc-Py COF, b) ZnPc-DPB 
COF, c) ZnPc-NDI COF and d) ZnPc-PPE COF. 
ZnPc-Py COF 
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the eclipsed crystal structures of each material and simulated their powder X-ray 
diffraction patterns using the Materials Studio suite of programs. The COFs display 
diffraction patterns consistent with the simulations, crystallizing as cofacially-stacked 
two-dimensional sheets with P4/mmm symmetry, similar to the free base and Ni 
phthalocyanine COFs linked by phenylenebis(boronic acid)13,14,16. We also considered 
a staggered structure (I4/mmm) in which the ZnPc moieties in adjacent layers are 
offset by half a unit cell distance along the a and b axes (see Fig. S3.25). The 
simulated PXRD patterns of these structures do not match the experiments. The 
excellent agreement between simulated and observed patterns facilitated indexing of 
the observed peaks following Pawley refinement (see Figs. S3.21 to S3.24)13,16. The 
refined patterns resulted in unit cell parameters of a = 26.980 Å and c = 3.338 Å for 
ZnPc-Py COF; a = 32.183 Å and c = 3.356 Å for ZnPc-DPB COF; a = 35.701 Å and 
c = 3.361 Å for ZnPc-NDI COF and a = 38.533 Å and c = 3.367 Å for ZnPc-PPE 
COF. Despite the good crystallinity of these samples, the X-ray diffraction data do not 
preclude small deviations from perfectly eclipsed stacking. Based on typical π–π 
stacking geometries and DFT calculations performed on other boronate-linked 2D 
COFs20, it is likely that adjacent layers are offset by around 1.7 Å. These calculations 
should be considered in future models of interlayer exciton and charge transport17. 
Diffuse reflectance absorbance spectroscopy of the COF powders (see Fig. S3.18) 
shows that each COF absorbs light throughout the visible and near-IR regions. The 
highly absorbent ZnPc chromophore dominates the spectrum of each material, and the 
spectra of the four COFs are very similar. They are red shifted relative to H2Pc COFs 
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and very similar to the phenylene-linked NiPc COF, which was photoconductive 
under NIR excitation16. 
 The porosity and surface areas of the ZnPc COFs were characterized by N2 
adsorption after activating the powders by washing with toluene and heating under 
vacuum. The COFs exhibit 
Type IV isotherms typical of 
mesoporous materials (Fig. 
3.4), with initial adsorption into 
the pores at low relative 
pressures (0.01 < P/Po < 
0.10)21. Desorption follows the 
same general pathway, 
indicating reversible N2 uptake. 
The Brunauer-Emmett-Teller (BET) surface-area model was applied to the 0.02 < 
P/Po < 0.25 region of the curves (see Figs. S3.27 to S3.30), which provided BET 
surface areas of 420 m2 g-1 for ZnPc-Py COF, 485 m2 g-1 for ZnPc-DPB COF, 490 
m2 g-1 for ZnPc-NDI COF and 440 m2 g-1 for ZnPc-PPE COF. These surface areas 
are similar to previous H2Pc and NiPc COFs13,14,16. Application of non-local density 
functional theory (NLDFT) models over the measured isotherms yielded pore-size 
distribution plots, from which average pore sizes were obtained (Figures S3.33 to 
S3.36). The average pore sizes determined were 31 Å, for ZnPc-Py COF, ZnPc-DPB 
COF, and ZnPc-NDI COF, and 34 Å for ZnPc-PPE COF, which correlate in 
reasonable agreement with the predicted numbers from the modeled crystal structures. 
Figure 3.4 | N2 uptake and surface area analysis of the ZnPc 
COFs. Adsorption (squares) & desorption (circles) isotherms 
for a) ZnPc-Py COF (gold), b) ZnPc-DPB COF (blue), c) 
ZnPc-NDI COF (red) and d) ZnPc-PPE COF (purple). 
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 Despite their intriguing structures, COF powders are difficult to interface to 
electrodes or incorporate into devices. Thus, we grew each 2D ZnPc COF as a 
crystalline, vertically oriented thin film on a transparent SLG-functionalized fused 
silica substrate (SLG/SiO2). For example, ZnPc-Py COF thin films were obtained by 
condensing 1 and 3 in a mixture of dioxane, MeOH, N,N-dimethylacetamide (DMA), 
and 1,2-dichlorobenzene (o-DCB) (3:1:2:1 v/v) in the presence of SLG/SiO2. This 
solvent combination provided each of the ZnPc COFs as crystalline, oriented films and 
was modified from the DMA/o-DCB mixture employed by Jiang16 for a NiPc COF 
powder. Interestingly, a DMA/o-DCB mixture lacking the other cosolvents provided 
crystalline COF films on the SLG whose grains showed no preferred orientation. The 
films were characterized using grazing incidence X-ray diffraction (GIXD, Fig. 3.5a) 
to assess their crystallinity and preferred orientation. The GIXD 
 
Figure 3.5 | Grazing incidence X-ray diffraction patterns and cross-sectional SEM for ZnPc-Py COF 
(a,b); ZnPc-NDI COF (c,d); ZnPc-PPE COF (e,f). The maximum intensity of each (100) Bragg peak 
is normalized to 100 counts. 
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pattern of the ZnPc-Py COF film shows scattering intensity at 0.22 Å-1, 0.46 Å-1, 0.69 
Å-1, 0.92 Å-1, corresponding to the (100), (200), (300), and (400) peaks observed in the 
powder samples. This intensity is concentrated near Q⊥ = 0 Å-1, indicating that the c-
axis of the COF is oriented normal to the substrate surface. The (001) Bragg peak that 
appears at Q|| = 1.83 Å-1 in powder samples, absent in the GIXD experiment, further 
confirms that the c-axis is oriented normal to the substrate. Instead, this peak is 
observed as a diffuse arc of scattering from Q⊥ = 1.85 to 1.90 Å-1 in measurements 
performed at large out-of-plane diffraction angles (see Fig. 3.6d), indicating an 
angular spread of the stacking direction, or mosaicity, of  ±11 degrees. Cross sectional 
SEM obtained by milling the sample with a Ga+ focused ion beam indicates a 400 ± 
12 nm thick continuous film.  
 Similar crystalline, vertically oriented ZnPc-NDI and ZnPc-PPE COF thin 
films were obtained by condensing diboronic acid linkers 5 or 6 with 1 under similar 
conditions. GIXD patterns of these films are similar to that of ZnPc-Py COF, albeit 
with scattering intensity at smaller values of Q||, corresponding to larger lattices. The 
(001) Bragg peak that appears at Q|| = 1.83 Å-1 in each powder sample is again absent 
in the GIXD of each film but is found to be similar to that shown in Fig. 3.6D in out-
of-plane scans. Cross-sectional SEM indicate 580 ± 84 nm and 200 ± 18 nm thick 
films for the ZnPc-NDI (Fig. 3.5d) and ZnPc-PPE COF (Fig. 3.5f), respectively. 
 Although grown under the same conditions, the ZnPc-DPB COF films show 
superior crystallinity and vertical alignment. The GIXD (Fig. 3.6a) of a 294 ± 6 nm 
thick film (Fig. 3.6b) indicates near complete localization of the scattering intensity 
near Q⊥ = 0 Å-1. In contrast to Figs. 3.5a,c,e, the peak intensity at Q⊥ = 0.028 Å-1  is 
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over 20 times higher than that in the diffuse arc of scattering extending towards larger 
Q⊥, suggesting a mosaic spread below 0.2 degrees. Peaks at 0.19 Å-1, 0.28 Å-1, 0.39 Å-
1, 0.58 Å-1, and 0.78 Å-1 correspond to the (100), (110), (200), (300), and (400) peaks 
observed in the powders. (500) and (600) Bragg peaks not observed in the PXRD 
pattern (Fig. 3.3b) are observed at 0.97 Å-1, and 1.16 Å-1, respectively in the GIXD 
experiment. The off-specular (001) Bragg peak at Q|| = 1.86 Å-1 (Fig. 3.6c) is distinct 
from ZnPc-Py COF (Fig. 3.6d) or other 2D ZnPc COFs. First, the intensity 
distribution is flat, rather than curved, indicating that its width in Q|| arises from finite 
lateral grain size, rather than mosaic spread. This observation is consistent with the 
low mosaic spread deduced from Fig. 3.6a. Second, the background-subtracted width 
of the peak along Q⊥ is narrower than that in ZnPc-Py COF (Fig. 3.6d), indicating a 
longer correlation length along the stacking direction. This peak width is resolution-
limited due to the geometric expansion of the beam as a consequence of the grazing 
incidence geometry. Additional scans (see Figs. S3.37 to S3.38) performed with 
Figure 3.6 | Superior crystallinity and alignment of a ZnPc-DPB COF film. Grazing incidence X-ray 
diffraction pattern a) and cross-sectional SEM b) of ZnPc-DPB COF. The intensity of the off-specular 
projection of the (001) Bragg peak for ZnPc-DPB COF c) is flat with respect to Q⊥, indicating nearly 
zero mosaicity, while that of the ZnPc-Py COF d) is representative of other COF films and shows an 
arc of scattering typical of less ideal vertical alignment. 
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improved resolution indicate a correlation length in the stacking direction of around 31 
nm (ca. 94 layers), far exceeding that found in other COF films. For example, the 
ZnPc-Py COF data in Fig. 3.6d, which is not resolution-limited, gives a correlation 
length of ca. 4 nm or 12 layers. We attribute the ZnPc-DPB COF’s superior order 
partially to its diphenylbutadiyne linker, which can readily adopt a coplanar 
conformation needed during COF formation, although it may prove possible to obtain 
similar order in the other ZnPc COF films through further optimization. 
 A completementary crystalline, vertically oriented COF thin film known as 
HHTP-DPB COF20c with pore size of 4.7 nm can be prepared by condensing 
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 4 using modified solvothermal 
conditions in the presence of SLG. GIXD (Figure 3.7A) indicates scattering intensity 
at 0.156 Å-1, 0.271 Å-1, 0.311 Å-1, 0.411 Å-1, 0.543 Å-1, and 0.568 Å-1, corresponding 
to the same (100), (110), (200), (210), (220) and (310) peaks observed in the powder 
samples20c. The intensity of these diffractions is concentrated near Q⊥ = 0, indicating 
that the c-axis of the COF is oriented normal to the substrate surface in the same 
manner as ZnPc-based COFs. Top-down SEM images indicate that the films are 
featureless over large areas and have only occasional bulk crystallites distributed 
across the surface (Figure S3.39). Cross-sectional micrographs obtained by milling the 
sample using a Ga+ focused ion beam indicate that the films are continuous across the 
substrate with thickness 132 ± 18 nm (Figure 3.7c). The large pore size obtained in the 
thin film morphology may also serve as a useful template for nanopatterning, as 
features in the 2–5 nm region are difficult to obtain using either standard lithographic 
techniques or block copolymer lithography22.  
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 COF films offer an unprecedented opportunity to organize and orient 
functional π-electron systems into robust periodic structures predictably through 
chemical synthesis. We have progressively expanded the pore size of the ZnPc lattice 
well into the mesoporous regime, such that many complementary materials, including  
ullerene acceptors, might form continuous nanostructured domains alongside the 
vertically stacked ZnPc macrocycles. The superior crystallinity and nearly zero mosaic 
spread of the diphenyl butadiyne-linked materials is particularly promising for 
forming nearly perfect ordered heterojunction structures. 
 
Figure 3.7 | a) Grazing incidence X-ray diffraction of HHTP-DPB COF thin film on SLG (growth 
time: 24 h). b) Projection of a) near Q⊥ = 0. c) Cross-sectional SEM image of the film. 
c a 
b 
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A. Materials and Instrumentation. All reagents were purchased from commercial 
sources and used without further purification. Zn octahydroxyphthalocyanine 11, 
pyrene diboronic acid 32, and diphenylbutadiyne diboronic acid 43 were prepared via 
literature procedures. 1,4-Dioxane and propionic acid were purchased from 
commercial sources and used without further purification. Other solvents were 
purchased from commercial sources and purified using a custom-built alumina-column 
based solvent purification system.  
Infrared spectra were recorded on a Thermo Nicolet iS10 with a diamond ATR 
attachment and are uncorrected. 
UV/Vis absorbance spectra were recorded on a Cary 5000 UV-Vis-NIR 
spectrophotometer with a mercury lamp in either dichloromethane solution or as solids 
using a praying mantis diffuse reflectance accessory. 
Emission and excitation spectra were recorded on a Horiba Jobin Yvon Fluorolog-3 
fluorescence spectrophotometer equipped with a 450 W Xe lamp, double excitation 
and double emission monochromators, a digital photon-counting photomultiplier and a 
secondary InGaAs detector for the NIR range. Correction for variations in lamp 
intensity over time and wavelength was achieved with a solid-state silicon photodiode 
as the reference. The spectra were further corrected for variations in photomultiplier 
response over wavelength and for the path difference between the sample and the 
reference by multiplication with emission correction curves generated on the 
instrument. Solid samples were mounted between quartz slides and mounted on a solid 
sample holder, and emission was observed using a front face detection accessory. 
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Powder X-ray diffraction patterns were recorded on a Rigaku Smartlab Powder X-
Ray Diffractometer in 2θ medium resolution parallel beam/PSA mode employing 
CuKα lines focused radiation at 40 kV, 44 mA power and equipped with a Ge crystal 
detector fitted with a 0.5 mm radiation entrance slit. Samples were mounted on zero 
background sample holders by dropping powders from a wide-blade spatula and then 
leveling the sample surface with a glass microscope slide. No sample grinding or 
sieving was used prior to analysis. Samples were observed using a 0.045º 2θ step scan 
from 1.0 – 34º (Omega = 1.0º) with an exposure time of 0.4 s per step. No peaks could 
be resolved from the baseline for 2θ > 34º data, which was therefore not considered 
for further analysis. 
Thermogravimetric analysis from 20-600 °C was carried out on a TA Instruments 
Q500 Thermogravimetric Analyzer in an N2 atmosphere using a 10 °C/min ramp 
without equilibration delay. 
Scanning electron microscopy (SEM) was performed on a FEI Strata 400 FE-SEM. 
Materials were deposited onto a sticky carbon surface on a flat aluminum platform 
sample holder. No metal sputtering of the sample was necessary. Focused ion beam 
(FIB) patterning and milling was performed using a FEI Strata 400 FIB Ga+ LIM 
system. A 1x10 μm Pt strip (~1 μm thickness) was deposited using the electron gun 
onto COF films grown on SLG/SiO2 substrates prior to exposing the sample to the 
FIB. The sample was then milled with the FIB using a cleaning cross-section. After 
milling, the samples were imaged at 2 keV using the electron gun. Cross-sectional 
images were obtained using a stage tilt angle of 52°. Thickness measurements made at 
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this angle were corrected by multiplying by 1.26. SLG/SiO2 substrates were grounded 
to the sample holder using sticky carbon prior to imaging to minimize charging.  
Mass spectra were obtained on a Waters MALDI micro MX MALDI-TOF mass 
spectrometer using positive ionization and a reflectron detector. MALDI samples were 
prepared by wet deposition of a saturated analyte/dithranol matrix solution onto a 
metallic sample plate and air dried before loading into the instrument. 
Surface area measurements were conducted on a Micromeritics ASAP 2020 
Accelerated Surface Area and Porosimetry Analyzer using ca. 20 mg samples 
degassed at 180 °C for 12 hours. Nitrogen isotherms were generated by incremental 
exposure to ultra high purity nitrogen up to ca. 1 atm over 28-hour periods in a liquid 
nitrogen (77 K) bath, and surface parameters were determined using BET adsorption 
models included in the instrument software (Micromeritics ASAP 2020 V1.05) using 
the P/P0 ranges according to consistency criteria for the BET model in frameworks. 
Non-local density functional theory (NLDFT) model for N2 at 77 K and oxide surface 
with cylindrical pore shape integrated in the Micromeritics data reduction software 
was used to calculate pore size distribution curves from the adsorption branch of the 
measures isotherms. 
NMR spectra were recorded on a Bruker ARX 300 MHz spectrometer using a 
standard 1H/X Z-PFG probe at ambient temperature with a 20 Hz sample spin rate.  
Grazing incidence X-ray diffraction (GIXD) was performed at the G2 station at 
Cornell High Energy Synchrotron Source (CHESS) using a beam energy of 8.78 ± 
0.01 keV (λ = 0.1414 nm), selected using a Be single-crystal monochromator. 
Motorized slits were used to define a 0.2×2 (V×H) mm2 beam, with a typical flux of 
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2×1010 photons/s. The data were collected using a 640-element 1D diode-array, of 
which each element incorporates its own pulse counting electronics capable of count 
rates of ~105 photons/s. A set of 0.1° Soller slits were used on the detector arm to 
define the in-plane resolution. The scattering geometry is described in detail 
elsewhere. Each data set was collected by scanning the detector with the sample 
stationary. The incidence angle α between the beam and sample surface was 0.175°. 
Axes labels Q⊥ and Q|| are defined using the GISAXS convention Q⊥ = 4π/λsin(δ/2) 
and Q|| = 4π/λsin(ν/2), where δ and ν are the vertical and horizontal scattering angles, 
respectively. At α=δ=0, hQ|| and hQ⊥ (where h is Planck’s constant) are the 
components of momentum transfer parallel and perpendicular to the sample surface, 
respectively. 
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B. Synthetic Procedures. 
General procedure for COF powder synthesis and ZnPc-Py COF. Pyrene 
diboronic acid 3 (17 mg, 0.059 mmol) and Zn octahydroxyphthalocyanine 1 (20 mg, 
0.028 mmol) were suspended in a mixture of dioxane and MeOH (2:1, 3 mL) and 
sonicated for 10 min. The dark green suspension was transferred to a 10 mL pre-
scored long-necked glass ampoule, flash-frozen in liquid N2, and flame-sealed.  The 
ampoule was placed in an oven at 120 oC for 72 h, and the resulting free-flowing dark 
green powder was collected by filtration on a Hirsch funnel, washed with anhydrous 
toluene (1 mL), and air-dried. The resulting ZnPc-Py COF powder (10 mg, 52%) was 
dried under vacuum before characterization by PXRD and IR.  ZnPc-Py COF: IR 
(powder, ATR) 3233, 1607, 1459, 1369, 1337, 1271, 1231, 1106, 1078, 1023, 902, 
870, 824, 742, 714 cm-1. PXRD [2θ (relative intensity)] 3.22 (100), 6.50 (24), 9.92 
(5.6), 13.16 (4.3), 26.62 (6.4). UV-Vis (powder, praying mantis DRA) 711, 377 (sh), 
336, 284. Anal. Calcd. for (C64H24B4N8O8Zn)n: C, 67.34; H, 2.12; N, 9.82. Found: C, 
63.65; H, 2.20; N, 10.34. The presence of boron was confirmed by a characteristic B 
1s peak in the XPS with a binding energy of 190.8 eV. 
ZnPc-DPB COF. The above procedure was followed using diphenyl 
butadiynediboronic acid 4 (17 mg, 0.059 mmol), Zn octahydroxyphthalocyanine 1 (14 
mg, 0.020 mmol), and a 3:1 mixture of dioxane and methanol (3:1, 1.3 mL) solvent. 
12 mg (53%) of the ZnPc-DPB COF were isolated. IR (powder, ATR) 3244, 1607, 
1472, 1371, 1338, 1268, 1180, 1081, 1018, 869, 830, 742 cm-1. PXRD [2θ (relative 
intensity)] 2.66 (100), 3.74 (4.7), 5.45 (15), 8.29 (5.9), 11.04 (1.9), 13.82 (1.3), 16.48 
(0.86), 26.83 (2.2). UV-Vis (powder, praying mantis DRA) 713, 361 (sh), 301, 275 
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(sh). Anal. Calcd for (C64H24B4N8O8Zn)n: C, 67.34; H, 2.12; N, 9.82. Found: C, 54.15; 
H, 2.19; N, 9.68. The presence of boron was confirmed by a characteristic B 1s peak in 
the XPS with a binding energy of 191.7 eV. 
ZnPc-NDI COF. The above procedure was followed using napthalenediimide 
diboronic acid 5 (36 mg, 0.071 mmol), Zn octahydroxyphthalocyanine 1 (17 mg, 
0.024 mmol), and a 2:1 mixture of dioxane and MeOH (3 mL) solvent. 23 mg (60%) 
of the ZnPc-NDI COF were isolated. ZnPc-NDI COF: IR (powder, ATR) 3338, 
1714, 1671, 1613, 1582, 1514, 1479, 1451, 1376, 1342, 1272, 1251, 1200, 1119, 1085, 
1022, 984, 870, 835, 768, 742, 719 cm-1. PXRD [2θ (relative intensity)] 2.44 (100), 
5.00 (27), 7.52 (7.0), 12.52 (3.3), 26.92 (2.6). UV-Vis (powder, praying mantis DRA) 
693, 333 (sh), 296. Anal. Calcd for (C84H32B4N12O16Zn)n: C, 64.10; H, 2.05; N, 10.68. 
Found: C, 55.41; H, 2.56; N, 11.09. The presence of boron was confirmed by a 
characteristic B 1s peak in the XPS with a binding energy of 191.3 eV. 
ZnPc-PPE COF. The above procedure was followed using PPE diboronic acid 6 (22 
mg, 0.060 mmol), Zn octahydroxyphthalocyanine 1 (15 mg, 0.021 mmol), and a 5:1 
mixture of dioxane and MeOH (3 mL) solvent. 20 mg (73%) of the ZnPc-PPE COF 
were isolated. ZnPc-PPE COF: IR (powder, ATR) 3060, 2930, 1711, 1605, 1472, 
1395, 1351, 1270, 1227, 1187, 1042, 1015, 945, 915, 872, 830, 745, 704 cm-1. PXRD 
[2θ (relative intensity)] 2.28 (100), 4.76 (18), 7.20 (6.9), 9.68 (3.4), 12.16 (2.5), 26.52 
(2.3). UV-Vis (powder, praying mantis DRA) 693, 331, 308 nm. Anal. Calcd for 
(C84H32B4N12O16Zn)n: C, 70.56; H, 2.49; N, 8.66. Found: C, 59.20; H, 2.58; N, 8.70. 
The presence of boron was confirmed by a characteristic B 1s peak in the XPS with a 
binding energy of 191.3 eV. 
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Scheme S3.1. Synthesis of naphthalene diimide diboronic acid 5. 
 
 
N,N’-bis(4-iodophenyl)naphthalene-1,4,5,8-tetracarboxylic diimide (8). 
Naphthalene-1,4,5,8-tetracarboxylic dianhydride 7 (1.30 g, 4.85 mmol) and 4-
iodoaniline (3.20 g, 10.5 mmol) were refluxed in propionic acid (80 mL) for 18 h 
under N2. The brown solution was cooled to rt and the resulting precipitate was 
collected by filtration and washed with MeOH (4 x 20 mL). The resulting light brown 
solid 8 (2.40 g, 74%) was used without further purification. Its poor solubility 
precluded acquisition of a suitable 13C-NMR spectrum. 8: 1H-NMR (DMSO-d6, 300 
MHz)  δ 8.72 (s, 4H); 7.94 (d, J = 9 Hz, 4H); 7.30 (d, J = 9 Hz, 4H). MALDI-MS m/z 
(%) 542.9 (44, M+-I); 543.9 (52, M++1-I); 669.8 (100, M+); 670.8 (53, M++1). IR 
(powder, ATR) 3100, 3068, 3049, 1711, 1670, 1577, 1484, 1446, 1344, 1248, 1198, 
1118, 1006, 980, 884, 850, 827, 766, 741 cm-1. UV-Vis [λ / nm (log ε / M-1 cm-1], 6.9 
µM in DMF] 380 (4.43), 360 (4.43), 340 (4.34). Anal. Calcd for (C26H12I2N2O4): C, 
46.60; H, 1.80; N, 4.18. Found: C, 47.77; H, 1.84; N, 4.22. 
7 
8 
9 
5 
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Naphthalenediimide dipinacolatoboronic ester (9). Naphthalene diimide diiodide 8 
(138 mg, 0.206 mmol) and nickel(II) diphenylphosphinopropane dichloride (9.0 mg, 
0.017 mmol) were heated to reflux in toluene (2 mL) and N,N-diisopropylethylamine 
(1 mL) under N2. Pinacol borane (100 µL, 0.69 mmol) was added by syringe and the 
mixture was stirred for 12 h. After cooling to rt, saturated aq. NH4Cl (30 mL) was 
added to the dark brown mixture. The biphasic liquid was diluted with EtOAc (40 mL) 
and was washed with H2O (3 x 40 mL). The organic layer was evaporated to provide a 
pale yellow solid, which was suspended in EtOAc (10 mL) and centrifuged for 30 min 
at 4000 rpm. This suspension/centrifugation procedure was repeated twice. The tan 
solid 9 (73 mg, 53%) was dried under vacuum and used without further purification. 9: 
1H-NMR (CDCl3, 300 MHz) δ 8.84 (s, 4H); 8.04 (d, J = 9 Hz, 4H); 7.36 (d, J = 9 Hz, 
4H); 1.38 (s, 24H). 13C-NMR (CDCl3, 300 MHz) δ 163, 138, 136, 132, 130, 128, 128, 
127, 84, 25. IR (powder, ATR) 3088, 2980, 2940, 1713, 1675, 1607, 1581, 1447, 
1399, 1359, 1342, 1321, 1246, 1213, 1198, 1169, 1143, 1120, 1086, 1022, 983, 963, 
860, 824, 794, 769, 717 cm-1. UV-Vis [λ / nm (log ε / M-1 cm-1), 8.1 µM in DMF] 380 
(4.43), 360 (4.42), 343 (4.25). Anal. Calcd for (C38H36B2N2O8): C, 68.09; H, 5.41; N, 
4.18. Found: C, 68.05; H, 5.39; N, 4.28. 
Naphthalenediimide diboronic acid (5). Ester 9 (30 mg, 0.045 mmol) and NaIO4 (20 
mg, 0.094 mmol) were suspended in a 4:1 THF:H2O solution (0.6 mL). The resulting 
tan mixture was stirred for 2 h, after which aq. HCl (1M, 1 mL) was added.  The pale 
yellow suspension was stirred for 18 h and diluted with H2O (5 mL), filtered, and 
rinsed with another 5 mL H2O. The resulting tan solid was dried under vacuum to 
provide the diboronic acid 5 (16 mg, 70 %). 5: 1H-NMR (DMSO-d6, 300 MHz) δ 8.72 
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(s, 4H); 8.23 (s, 4H); 7.94 (d, J = 6 Hz, 4H); 7.42 (d, J = 6 Hz, 4H). 13C-NMR 
(DMSO-d6, 300 MHz) δ 164, 138, 135, 131, 130, 129, 128, 127. IR (powder, ATR) 
3479, 3378, 1711, 1664, 1606, 1577, 1437, 1416, 1366, 1341, 1275, 1250, 1199, 1151, 
1127, 1061, 1028, 1015, 984, 890, 854, 828, 767, 752, 719 cm-1. UV-Vis [λ / nm (log 
ε / M-1 cm-1), 15.0 µM in DMF] 380 (4.40), 360 (4.38), 345(sh) (4.21). Anal. Calcd for 
(C26H16B2N2O8): C, 61.71; H, 3.19; N, 5.54.Found: C, 62.31; H, 3.21; N, 5.39. 
Scheme S3.2. Synthesis of phenylbis(phenylethynyl)diboronic acid 6. 
 
 
Benzene-1,4-bis(phenylethynyl) diboronic acid (6). 4-iodophenylboronic acid (880 
mg, 3.55 mmol) and 1,4-diethynylbenzene (205 mg, 1.63 mmol) were dissolved in 
THF (25 mL) and ethyldiisopropylamine (10 mL) and the solution was sparged with 
N2 for 30 min. CuI (63 mg, 0.33 mmol) and Pd(PPh3)4 (43 mg, 0.037 mmol) were 
added and the solution was sparged with N2 for another 30 min. The resulting pale 
yellow mixture was stirred at rt for 12 h, during which a white precipitate formed. The 
pale yellow solid was recovered by filtration and rinsed with EtOAc (20 mL). The 
6 
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solid was suspended in EtOAc (30 mL), which washed with brine (30 mL) and H2O (3 
× 30 mL), and the solvent removed to yield 513 mg (86%) of the PPE diboronic acid 6 
as a white solid. 6: 1H-NMR (DMSO-d6, 300 MHz) δ 8.20 (s, 4H); 7.84 (d, J = 7.5 Hz, 
4H); 7.60 (d, J = 3 Hz, 4H); 7.54 (d, J = 7.5 Hz, 4H). 13C-NMR (DMSO-d6, 300 MHz) 
δ 135, 133, 130, 123, 122, 92,90. MALDI-MS m/z (%) 365.1 (43, M+); 366.1 (100, 
M++1); 367.1 (27, M++2), 368.1 (6, M++3). IR (powder, ATR) 3351, 1701, 1658, 
1592, 1576, 1505, 1491, 1434, 1401, 1358, 1256, 1199, 1183, 1143, 1088, 1021, 957, 
857, 831, 808, 743, 693 cm-1. UV-Vis [λ / nm (log ε / M-1 cm-1), 9.4 µM in DMF] 350 
(4.63), 329 (4.83), 321(sh) (4.75). Em (λ / nm in DMF, λex = 350 nm) 376, 387, 
400(sh). Anal. Calcd for (C22H16B2O4): C, 72.20; H, 4.41. Found: C, 69.62; H, 4.37. 
Graphene Growth. Single-layer graphene was grown on 25 μm-thick copper foil 
using previously reported chemical vapor deposition methods4. A layer of PMMA (50 
nm) was spin-coated on top of the graphene and the copper was etched using aq. 
FeCl3. The graphene was then transferred to fused SiO2 and the PMMA removed by 
washing first with chloroform then isopropyl alcohol. The SLG/SiO2 was finally 
calcined at 300 °C for 2.5 h. 
General procedure for ZnPc COF film growth on SLG. The appropriate diboronic 
acid (0.109 mmol) and zinc octahydroxyphthalocyanine (0.035 g, 0.050 mmol) were 
added to a 15 mL cylindrical pressure vessel and suspended in a mixture of 1,4-
dioxane, methanol, N,N-dimethylacetamide, and 1,2-dichlorobenzene (v/v 3:1:2:1; 3.0 
mL). After capping, the mixture was sonicated for 30 minutes and a graphene-
containing substrate was added. The sealed vessel was heated in a 120 °C oven for 24 
h. The vessel was cooled to room temperature and the resulting green powder was 
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recovered by filtration and dried under vacuum. The graphene-containing substrate 
was submerged in anhydrous toluene and sonicated for 5 seconds, and finally dried 
under vacuum. 
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C. NMR Spectra. 
Figure S3.1. 1H-NMR spectrum of NDI diiodide 8 in DMSO-d6. 
 
 
 
Figure S3.2. 1H-NMR spectrum of NDI ester 9 in CDCl3. 
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Figure S3.3. 13C-NMR spectrum of NDI ester 9 in CDCl3. 
 
 
Figure S3.4. 1H-NMR spectrum of NDI diboronic acid 5 in DMSO-d6. 
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Figure S3.5. 13C-NMR spectrum of NDI diboronic acid 5 in DMSO-d6. 
 
 
Figure S3.6. 1H-NMR spectrum of PPE diboronic acid 6 in DMSO-d6. 
 
 
 
 
 
 S3 - 16 
 
Figure S3.7. 13C-NMR spectrum of PPE diboronic acid 6 in DMSO-d6. 
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D. FT-IR Spectra.  
Figure S3.8. FT-IR of pyrene diboronic acid 3 (blue) and ZnPc-Py COF (red).  
 
Figure S3.9. Expansion of 700-1800 cm-1 region of the above spectrum. 
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Figure S3.10. FT-IR of DPB acid 4 (blue) and ZnPc-DPB COF (red). 
 
Figure S3.11. Expansion of 700-1800 cm-1 region of the above spectrum. 
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Figure S3.12. FT-IR of NDI diiodide 8 (blue) and pinacolboronate ester 9 (red). 
 
Figure S3.13. Expansion of 700-1800 cm-1 region of the above spectrum. 
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Figure S3.14. FT-IR of NDI acid 5 (blue) and ZnPc-NDI COF (red). 
 
Figure S3.15. Expansion of 700-1800 cm-1 region of the above spectrum. 
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Figure S3.16. FT-IR of diboronic acid 6 (blue) and ZnPc-PPE COF (red).  
 
Figure S3.17. Expansion of 700-1800 cm-1 region of the above spectrum. 
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E. UV-Vis-NIR Characterization 
Figure S3.18. Diffuse reflectance absorption spectra of ZnPc-Py COF (gold), ZnPc-
DPB COF (blue), ZnPc-NDI COF (red) and ZnPc-PPE COF (purple) powders. 
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F. Simulation & Refinement of the COF Structures. Crystal modeling of the COFs 
was carried out using the Materials Studio (ver. 5.0) suite of programs by Accelrys5. 
The initial structures were constructed piecewise starting with a primitive tetragonal 
unit cell with space group P4/mmm. The a cell parameter was estimated according to 
the distance between the center of the vertices for each COF as shown in Figure S3.19, 
and c parameter was arbitrarily chosen as 3.35 Å. The structures were optimized using 
the Geometry Optimization routine including energy minimization with cell 
parameters optimization, using the parameters from the Universal Force Field. 
Modeling of the staggered structures was performed in a similar manner but starting 
with the space group I4/mmm, and c = 6.70 Å. Calculation of the simulated powder 
diffraction patterns and Pawley refinements were performed the Materials Studio 
Reflex Plus Module. The observed diffraction patterns were subjected to Pawley 
refinement wherein peak profile were refined using the Pseudo-Voigt peak shape 
function and asymmetry was corrected using the Berar-Baldinozzi function.  
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Figure S3.19. Precursor structures used for initial modeling of the COF structures. 
 
ZnPc-Py Monomer 
ZnPc-DPB Monomer 
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Figure S3.20. Modeled COF crystals. 
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Figure S3.21. Observed (blue) versus Pawley-refined (red) PXRD pattern profiles for 
ZnPc-Py COF. Residuals are indicated. 
 
 
 
Figure S3.22. Observed (blue) versus Pawley-refined (red) PXRD pattern profiles for 
ZnPc-DPB COF. Residuals are indicated. 
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Figure S3.23. Observed (blue) versus Pawley-refined (red) PXRD pattern profiles for 
ZnPc-NDI COF. Residuals are indicated. 
 
 
 
 
Figure S3.24. Observed (blue) versus Pawley-refined (red) PXRD pattern profiles for 
ZnPc-PPE COF. Residuals are indicated. 
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Table S3.1. Comparison of unit cell parameters of the simulated crystals, the d-
spacing of the 100 diffraction peaks and the refined patterns for each prepared COF. 
 
ZnPc-Py COF a (Å) c (Å) 
MS modeling 27.185 3.535 
d100 27.056  
Pawley refinement 26.980 3.338 
 
ZnPc-DPB COF a (Å) c (Å) 
MS modeling 32.469 3.556 
d100 33.060  
Pawley refinement 32.183 3.356 
 
ZnPc-NDI COF a (Å) c (Å) 
MS modeling 36.064 3.542 
d100 36.176  
Pawley refinement 35.701 3.361 
 
ZnPc-PPE COF a (Å) c (Å) 
MS modeling 36.718 3.552 
d100 37.403  
Pawley refinement 38.533 3.367 
 
Table S3.2. Fractional atomic coordinates for refined unit cell of ZnPc-Py COF. 
 
Tetragonal, 
(P4/mmm)    
a = b = 26.980 Å, c = 3.338 Å  
atom x y z 
C1 0.027462 0.500000 0.50000 
C2 0.027462 0.410860 0.50000 
C3 0.053706 0.455430 0.50000 
C4 0.105674 0.455430 0.50000 
C5 0.131288 0.500000 0.50000 
C6 0.265000 0.475000 0.50000 
C7 0.309000 0.450000 0.50000 
C8 0.355000 0.475000 0.50000 
C9 0.401000 0.462000 0.50000 
O1 0.212025 0.546591 0.50000 
B1 0.182823 0.500000 0.50000 
N1 0.430000 0.500000 0.50000 
N2 0.416000 0.584000 0.50000 
Zn1 0.500000 0.500000 0.50000 
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Table S3.3. Fractional atomic coordinates for refined unit cell of ZnPc-DPB COF. 
 
Tetragonal 
(P4/mmm)    
a = b = 32.183 Å, c = 3.356 Å  
atom x y z 
C1 0.020491 0.500000 0.50000 
C2 0.057698 0.500000 0.50000 
C3 0.102075 0.500000 0.50000 
C4 0.123748 0.464739 0.50000 
C5 0.166807 0.464739 0.50000 
C6 0.188528 0.500000 0.50000 
C7 0.300642 0.480551 0.50000 
C8 0.337406 0.457860 0.50000 
C9 0.373823 0.480551 0.50000 
C10 0.414478 0.469042 0.50000 
O1 0.261315 0.464137 0.50000 
B1 0.236652 0.500000 0.50000 
N1 0.440321 0.500000 0.50000 
N2 0.428054 0.428054 0.50000 
Zn1 0.500000 0.500000 0.50000 
 
Table S3.4. Fractional atomic coordinates for unit cell of ZnPc-NDI COF. 
 
Tetragonal (P4/mmm)    
a = b = 35.701 Å, c = 3.361 Å  
atom x y z 
C1 0.019879 0.500000 0.50000 
C2 0.019879 0.433099 0.50000 
C3 0.039699 0.466552 0.50000 
C4 0.079187 0.466552 0.50000 
C5 0.140886 0.500000 0.50000 
C6 0.162059 0.466552 0.50000 
C7 0.201335 0.466552 0.50000 
C8 0.221662 0.500000 0.50000 
C9 0.319419 0.480860 0.50000 
C10 0.352942 0.460236 0.50000 
C11 0.386323 0.480974 0.50000 
C12 0.423494 0.470264 0.50000 
O1 0.095827 0.435714 0.50000 
O2 0.285292 0.467504 0.50000 
B1 0.263921 0.500000 0.50000 
N1 0.099281 0.500000 0.50000 
N2 0.447162 0.500000 0.50000 
N3 0.434520 0.434520 0.50000 
Zn1 0.500000 0.500000 0.50000 
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Table S3.5. Fractional atomic coordinates for unit cell of ZnPc-PPE COF. 
 
Tetragonal (P4/mmm)    
a = b = 38.533 Å, c = 3.367 Å  
atom x y z 
C1 0.018677 0.468853 0.50000 
C2 0.038444 0.500000 0.50000 
C3 0.078109 0.500000 0.50000 
C4 0.110866 0.500000 0.50000 
C5 0.150530 0.500000 0.50000 
C6 0.170299 0.468853 0.50000 
C7 0.207616 0.468853 0.50000 
C8 0.227438 0.500000 0.50000 
C9 0.327400 0.481973 0.50000 
C10 0.359425 0.462877 0.50000 
C11 0.391299 0.482008 0.50000 
C12 0.426676 0.471666 0.50000 
O1 0.293260 0.468194 0.50000 
B1 0.270958 0.500000 0.50000 
N1 0.437864 0.437864 0.50000 
N2 0.448380 0.500000 0.50000 
Zn1 0.500000 0.500000 0.50000 
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Figure S3.25. Crystal models of ZnPc-Py COF (top left), ZnPc-DPB COF (top 
right), ZnPc-NDI COF (bottom left) and ZnPc-PPE COF (bottom right) in a 
staggered conformation and corresponding simulated PXRD patterns. Similarly 
colored sheets are in alternating unit cells. Note the lack of match to observed PXRD 
patterns (vide supra). 
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G. Thermogravimetric Analysis.  
Figure S3.26. Thermogravimetric traces of ZnPc-Py COF (gold), ZnPc-DPB COF 
(blue), ZnPc-NDI COF (red) and ZnPc-PPE COF (purple). 
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H. Surface Area Measurements. 
Figure S3.27. BET plot for ZnPc-Py COF calculated from isotherm data. 
 
 
Figure S3.28. BET plot for ZnPc-DPB COF calculated from isotherm data. 
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Figure S3.29. BET plot for ZnPc-NDI COF calculated from isotherm data. 
 
 
Figure S3.30. BET plot for ZnPc-PPE COF calculated from isotherm data. 
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Figure S3.31. Differential (top) and cumulative (bottom) pore size distribution plot of 
ZnPc-Py COF from the application of the NLDFT model to the N2 isotherm. 
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Figure S3.32. Differential (top) and cumulative (bottom) pore size distribution plot of 
ZnPc-DPB COF from the application of the NLDFT model to the N2 isotherm. 
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Figure S3.33. Differential (top) and cumulative (bottom) pore size distribution plot of 
ZnPc-NDI COF from the application of the NLDFT model to the N2 isotherm. 
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Figure S3.34. Differential (top) and cumulative (bottom) pore size distribution plot of 
ZnPc-PPE COF from the application of the NLDFT model to the N2 isotherm. 
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I.  Scanning Electron Microscopy 
Figure S3.35.  Scanning electron micrographs of powder samples of (a) ZnPc-Py 
COF, (b) ZnPc-DPB COF, (c) ZnPc-NDI COF and (d) ZnPc-PPE COF. 
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Figure S3.36. Top down SEM of (a) ZnPc-Py COF thin film, (b) ZnPc-DPB COF 
thin film, (c) ZnPc-NDI COF thin film, and (d) ZnPc-PPE COF thin film 
 
 
  
a b 
c d 
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J. Higher Resolution X-ray Reflectivity of ZnPc-DPB COF Film 
Figure S3.37. Background subtracted off-specular X-ray reflectivity of ZnPc-DPB 
COF thin film showing improved resolution compared to Fig. 3.6c. 
 
 
 
Figure S3.38. 2D projection of the intensity along Q⊥ at Chi = 4.5 degrees. The 
FWHM of this peak gives the average domain size along the c-axis. For this sample, 
the FWHM is 0.02 Å-1 corresponding to a 31 nm (94 layers) correlation length. 
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K. Characterization of HHTP-DPB COF film 
Figure S3.39. Top down SEM of HHTP-DPB COF thin film on SLG (growth time: 
24 h). 
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CHAPTER 4 
PATTERNED GROWTH OF ORIENTED 2D COVALENT ORGANIC 
FRAMEWORK THIN FILMS ON SINGLE-LAYER GRAPHENE 
Abstract 
Two-dimensional covalent organic frameworks (COFs) are polymer networks that 
organize molecular building blocks into porous, layered structures of interest for 
organic optoelectronic and energy storage devices. Current synthetic methods produce 
these materials as either insoluble, microcrystalline powders or as oriented thin films 
on various substrates, including single-layer graphene (SLG). Under these conditions, 
COF thin films form on both the graphene-coated and bare regions of the substrate, 
suggesting uncontrolled nucleation processes that occur either in solution or 
nonselectively on different surfaces. Here, we describe modified polymerization 
conditions that provide COF films selectively on SLG. This finding enables COF 
films to be grown on lithographically patterned SLG substrates, which provide insight 
into the uniformity of film growth across the substrate and factors relevant to their 
nucleation and growth. The ability to grow COF films selectively on lithographically 
patterned SLG will facilitate their integration into devices. 
 
This work was performed with Jason A. Mann and Catherine R. DeBlase in the 
Dichtel Research Group and has been submitted for publication in a peer-reviewed 
journal when this thesis was filed.  
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Introduction 
Covalent organic frameworks (COFs)1-10 are emerging materials that arrange and align 
molecular building blocks into crystalline, layered two-dimensional (2D)1,5,11-14 or 
three-dimensional (3D)4,15-20 polymer networks that feature high surface areas, 
excellent thermal stability, and low densities. 2D COFs have been studied for 
applications in gas storage3,16, chemical separations11, catalysis21,22, energy 
storage12,23, and as active layers in organic photovoltaic (OPV) devices 24. COFs are 
usually isolated as polycrystalline powders produced under solvothermal conditions, 
and the first large single crystals of a 3D network were recently reported25. Controlling 
the morphology of COFs, as well as metal-organic frameworks or porous coordination 
polymer (MOFs or PCPs)26-28 will enable new applications. We previously reported 
the growth of 2D COF films on single-layer graphene (SLG) with preferred crystalline 
orientations relative to the supporting substrate29. Under these conditions, although 
films grown on SLG showed improved crystallinity and orientational control relative 
to other substrates, the COF film nevertheless formed over the entire substrate, not just 
on SLG30-34. Strategies that limit growth to one surface material are highly desirable 
for patterning COF films and integrating them into devices.  
 Selectively patterned, oriented thin film morphologies broaden the potential 
applications for framework materials significantly as they might template the 
formation of other nanomaterials30,35, enable fabrication of advanced device 
architectures, or grant access to two-dimensional heterostructures36,37. Spatial control 
and templated MOF/PCP formation has been demonstrated using micropatterned self-
assembled monolayers38-43, inkjet printing44, and by generating metal ions of the 
4 - 3 
 
appropriate oxidation state at a working electrode45-47. In contrast, COFs have not been 
grown selectively onto patterned substrates under solvothermal conditions, and only 
one study35 has demonstrated selective COF formation on metal surfaces patterned 
with NaCl islands under ultrahigh vacuum deposition conditions. Previously, we have 
grown COF thin films using SLG as substrate29 and generalized these conditions to a 
variety of frameworks7,48. These thin films deposit across the graphene and also cover 
any exposed areas of the supporting substrate. For example, the 2D hexagonal network 
COF-5 forms on many other substrates, including metals such as Au, Pt, Pd, Ti, and 
Al, as well as on fused SiO2 (see Chapter 4 appendix Fig. S4.3). Bein and coworkers 
also reported the growth of oriented COF films on Au, molybdenum oxide, and tin-
doped indium oxide (ITO)34, and demonstrated that ITO-supported thin films are 
suitable as active layers in OPVs33. These results suggest that typical solvothermal 
growth conditions provide COF films with moderate-to-good crystallinity and 
orientational control. However, no general approaches to preparing 2D COFs as thin 
films with simultaneous control over both their orientation and macroscopic pattern 
have been reported.  
 Here, we report the selective and patterned growth of a 2D phthalocyanine 
COF as an oriented thin film using SLG as a template. Graphene has received much 
attention for its desirable mechanical and electronic properties49,50, and has been 
synthesized industrially using a roll-to-roll process to produce sheets with nearly 1 m 
diagonal length51. Moreover, SLG is compatible with established lithographic 
techniques and is routinely transferred to arbitrary substrates from its metal foil 
growth substrate52-54. Using appropriate solvothermal growth conditions, we show that 
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COF films form selectively on lithographically patterned graphene. These patterned 
films reveal important characteristics of COF film growth and could serve as a 
platform to optimize and develop COF syntheses. These results show that control of 
surface chemistry and synthetic conditions represents a promising means to direct the 
growth of COF films. 
Results and Discussion 
While exploring phthalocyanine (Pc) COF thin films as OPV active layers, we 
observed that the orientation of the crystallites was strongly influenced by the solvent 
composition48 (Figure 4.1). Solvent blends employing N,N-dimethyl acetamide 
(DMA) and 1,2-dichlorobenzene (o-DCB) (1:2 v/v) yield thin films comprised of 
randomly oriented crystallites, whereas mixtures of DMA, o-DCB, MeOH, and 1,4-
dioxane (Diox) (1:2:1:3 v/v) provided thin films comprised of layered crystallites 
whose stacking direction was oriented normal to the substrate. These observations 
prompted us to explore COF film synthesis in MeOH:Diox (1:3 v/v) in the absence of 
DMA and o-DCB at 120 °C. These conditions provide crystalline ZnPc-PBBA COF 
powder consistent with previous reports48, whereas otherwise identical reactions 
performed at 90 °C provided only amorphous materials55. 
 Figure 4.2 compares ZnPc-PBBA COF thin films on SLG transferred to fused 
SiO2 (SLG/SiO2) prepared in DMA:o-DCB (1:2 v/v) or MeOH:Diox (1:3 v/v) using 
identical initial masses of the monomers and solvent volumes56. The ZnPc-PBBA 
COF film prepared in DMA:o-DCB uniformly covers the entire SLG/SiO2 substrate 
(Fig. 4.2a). In contrast, films prepared in MeOH:Diox form only on the SLG-coated 
portion of the SLG/SiO2 substrate (Fig. 4.2b). Grazing incidence X-ray diffraction 
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(GIXD) performed at the Cornell High Energy Synchrotron Source indicates that films 
grown in DMA:o-DCB (Fig 4.2c) diffract with equal intensity at all out-of-plane 
angles (Q⊥), which is diagnostic of a randomly oriented crystalline thin film. In 
contrast, GIXD of films prepared in MeOH:Diox (Fig. 4.2d) show scattering intensity 
concentrated near Q⊥ = 0, indicating that the COF films preferentially orient their π-
electron systems parallel to the substrate. 
 The optical absorption spectra of the ZnPc-PBBA COF films obtained from 
the two synthetic procedures show notable and reproducible differences that may be 
diagnostic of their crystallinity and vertical orientation. Films prepared using 
DMA:o-DCB exhibit a λmax at 298 nm, corresponding to the ZnPc Soret band, and a 
broad absorbance centered at 710 nm with a shoulder from 610-620 nm (Fig. 4.2e),  
corresponding to the phthalocyanine Q band. In contrast, films prepared in 
MeOH:Diox display local λmax at 300 nm and 598 nm, with a smaller local maximum 
absorbance at 691 nm (Fig. 4.2f). These maxima more closely match the calculated 
Figure 4.1 | The orientation and substrate selectivity of ZnPc-PBBA COF is controlled by varying 
solvent blend and composition. 
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electronic absorption spectrum of monolayer NiPc-PBBA COF57, which predicts 
maxima at 302 nm and 563 nm that correspond to LUMO-1-to-HOMO and LUMO-to-
HOMO transitions, respectively. Syntheses performed in more dilute DMA:o-DCB 
solvent mixtures (initial [ZnPc] = 1.0 mM) yield only amorphous ZnPc-PBBA cross-
linked networks. These amorphous materials exhibit UV-Vis spectra that closely 
resemble the crystalline, unoriented COF films (Fig. 4.2e) prepared from the same 
solvent mixture (Fig. S4.4). Furthermore, when PBBA is omitted from the 
Figure 4.2 | Comparison of COF films prepared in DMA:o-DCB and MeOH:Diox. ZnPc-PBBA COF 
on SLG/SiO2 synthesized in a) DMA:o-DCB and b) MeOH:Diox. GIXD patterns (c,d) and UV-Vis 
spectra (e,f) of the of the COF films in a and b, respectively. Samples were prepared at equal 
concentration. 
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polymerization in DMA:o-DCB, films consisting only of adsorbed phthalocyanines 
also provide absorbance spectra (Fig. S4.5) similar to that shown in Fig. 4.2e. In 
contrast, nonspecific adsorption of phthalocyanines does not occur from the 
MeOH:Diox solvent mixture in the absence of PBBA. Therefore, we propose that the 
crystalline, randomly oriented films prepared in DMA:o-DCB are also contaminated 
by disordered ZnPc monomers or boronate ester-linked oligomers. These 
contaminants might exist either as a non-selective multilayer on the substrate, as 
domains distributed throughout the film, or as insoluble species that contaminate the 
pores. It is currently difficult to determine the percent crystallinity or nature of 
impurities in COF films, but the differences in UV-Vis spectra between films grown 
under various conditions might be used to rapidly assess the crystallinity and purity of 
phthalocyanine-containing COF films in the absence of GIXD data, which we collect 
at a synchrotron X-ray source. 
 The above experiments demonstrate simultaneous control of COF film 
orientation and selectivity and raise questions as to how the polymerizations differ in 
the two solvent mixtures. Our recent mechanistic study of 2D boronate ester-linked 
COF formation found that added MeOH inhibited COF formation at concentrations in 
excess of 15 equiv per boronate ester linkage58. The conditions that provide selective 
growth on SLG employ 300 equiv of MeOH per boronate ester. Therefore, we 
hypothesize that the SLG adsorbs Pc monomers and/or Pc-PBBA oligomers on its 
surface, where they condense and nucleate subsequent layers. In contrast, COF 
powders nucleate readily from solution in DMA:o-DCB, and it is likely that the 
networks formed in solution deposit nonselectively on the substrate with a random 
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crystallite orientation. Indeed, the optical density of ZnPc-PBBA COF prepared for 
24 h in MeOH:Diox (Fig. 4.2f) is about half that of a film prepared in DMA:o-DCB 
for 10 h (Fig. 4.2e), indicating that the COF forms much more rapidly in DMA:o-
DCB. These results suggest that slowing nucleation of COFs in solution, using MeOH 
or other competing Lewis bases, is a promising way to control both the orientation and 
selectivity of COF thin films. 
 The ability to grow COF thin films selectively on SLG enables these materials 
to be incorporated into specific areas of a substrate or device. Starting from large-area 
SLG transferred to a Si wafer with a 285 nm thick layer of SiO2 (SLG/Si), we 
patterned SLG into squares using photolithography (Fig S4.6). These substrates were 
subjected to the MeOH:Diox selective COF growth conditions, which provided COF 
films that retain the underlying SLG pattern (Fig. 4.3a). Selective growth is observed 
for a wide range of patterned SLG areas: 4–250,000 µm2 with 1 or 2 µm gaps between 
squares were patterned over substrates of at least 1 cm2. SLG is visible by eye on a 
285 nm oxide layer such that optical microscopy provides a rapid means to assess both 
the fidelity of the lithography and selective COF growth. Prior to the polymerization, 
SLG squares are visible as faint purple patches on a pink background (Fig. 4.3b). After 
COF synthesis, the squares appear a uniform turquoise-blue across the field of view 
and show clear contrast between the SLG and supporting substrate (Fig. 4.3c). The 
height and chemical contrast of the patterned films were characterized with atomic 
force microscopy (AFM), which reveals that the patterned COFs are significantly 
thicker (134 ± 6 nm, Fig. 4.3d) than SLG itself (1-2 nm, Fig. S4.7). A phase image of 
the same region shows a clear contrast between COF covered squares 
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Figure 4.3 | General scheme for patterning ZnPc-PBBA COF films on SLG. a) Schematic of graphene 
transfer, patterning, and subsequent COF growth to yield patterned COF. b) Bare, patterned SLG prior 
to COF growth. c) Patterned COF after a 24 h synthesis. d) AFM height image of COF and its 
corresponding e) phase image (growth time: 20 h). Note that patterned COF also does not grow over 
occasional tears in the SLG squares. 
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and the surrounding wafer (Fig. 4.3e). The COF films are crystalline and oriented 
(Fig.S4.8), albeit with attenuated diffraction intensity, which we attribute to the more 
sparse coverage of patterned COF on the 
substrate. The AFM height and phase 
images also indicate that the COF does not 
grow on regions of defective or torn 
graphene squares. Overall, these results 
demonstrate that COF growth is highly 
selective for the SLG surface under the 
MeOH:Diox growth conditions. 
 If each SLG square is considered as 
a separate growth experiment, patterned 
substrates represent a highly parallel 
platform to evaluate how growth conditions 
influence COF film growth. For example, 
Fig. 4.4 compares the thickness of patterned 
ZnPc-PBBA COF films grown at nominal 
5, 10, and 20 mM initial phthalocyanine 
concentration, respectively. Although 
thicker films might be expected as the 
phthalocyanine concentration is increased, 
there is no straightforward correlation between film thickness and concentration (Fig. 
4.4d), possibly because the heterogeneous reaction mixture maintains a uniform 
Figure 4.4 | Comparison of film thickness as a 
function of concentration. Thickness of 
randomly selected areas of two chips prepared 
in parallel at a) 5 mM b) 10 mM and c) 20 mM 
initial phthalocyanine concentration. d) Total 
average film thickness measured at each 
concentration. Error bars represent one standard 
deviation. 
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saturation ZnPc concentration for each. In contrast, stirring the reaction mixtures does 
influence COF film thickness and film quality, as stirred solutions are much more 
uniform across a chip than unstirred ones (Figs. S4.12 and S4.13). This observation 
might arise from variations in local concentration or ZnPc dissolution rate throughout 
the suspension. It remains unclear what other factors influence film thickness, 
however, the selective growth conditions described here enable statistically significant 
numbers of syntheses to be performed in parallel, a key step to understanding these 
relationships.  
Conclusion 
We have demonstrated that changes in reaction solvent strongly influence COF 
nucleation, polymerization, and crystallization processes, which resulted in the first 
demonstration of patterned COF film growth. Specifically, MeOH:Diox solvent 
mixtures enable COF growth exclusively on SLG and are general for SLG supported 
on many substrates. Lithographically patterned graphene indicated uniform COF 
growth across large areas of the substrate, which will enable further studies of COF 
film formation in a highly parallel fashion. We anticipate that this approach will be 
necessary to fully understand and characterize the delicate interplay between monomer 
concentration, stoichiometry, competitor concentration, agitation, shear forces, and 
other, as yet unidentified factors that influence COF polymerization and 
crystallization. Further, the conditions reported here allow COFs to be incorporated 
into device-relevant geometries, which will be needed for these materials to realize 
their full potential in optoelectronic and energy storage devices. 
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A. Materials and Instrumentation. All reagents were purchased from commercial 
sources and used without further purification. Zn octahydroxyphthalocyanine1 was 
prepared via literature procedures. 1,4-Dioxane, N,N-dimethylacetamide, MeOH and 
1,2-dichlorobenzene were purchased from commercial sources and used without 
further purification. PhMe was purchased from commercial sources and purified using 
a custom-built alumina-column based solvent purification system.  
UV-Vis absorbance spectra were recorded on a Cary 5000 UV-Vis-NIR 
spectrophotometer with a mercury lamp in either dichloromethane solution or as solids 
using a praying mantis diffuse reflectance accessory. 
Powder X-ray diffraction patterns were recorded on a Scintag Theta-Theta Powder 
X-Ray Diffractometer in reflectance Bragg-Brentano geometry employing Cu Kα line 
focused radiation at 2200 W (45 kV, 40 mA) power and equipped with a Ge crystal 
detector fitted with a 0.3 mm radiation entrance slit. Samples were mounted on zero 
background sample holders by dropping powders from a wide-blade spatula and then 
leveling the sample surface with a glass microscope slide. No sample grinding or 
sieving was used prior to analysis. Samples were observed using a 0.04º 2θ step scan 
from 2 – 30º with an exposure time of 0.4 s per step. No peaks could be resolved from 
the baseline for 2θ > 34º data and was therefore not considered for further analysis.  
Scanning electron microscopy (SEM) was performed on a Zeiss Ultra SEM 
operating at 1-2 kV. Films were deposited onto double-sided copper tape on a flat 
aluminum platform sample holder. No metal sputtering of the sample was necessary.  
Atomic force microscopy (AFM) was performed on either a Veeco Dimension 3100 
or Veeco Icon ambient AFM operating in tapping mode using coated silicon tips (15 
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nm diamond-like-coating) with resonant frequency 300 ± 100 kHz and force constant 
40 N/m. Height and phase images were collected simultaneously. Data were processed 
using the Nanoscope Analysis program provided with the AFM. Height profiles were 
corrected for bow and leveled across each row of squares. COF square thicknesses 
were tabulated in Microsoft Excel and the average and standard deviation of the 
tabulated thicknesses for each image was calculated. Each collected image was binned 
as an individual “area” as in Figure 4.4. 
Mass spectra were obtained on a Waters MALDI micro MX MALDI-TOF mass 
spectrometer using positive ionization and a reflectron detector. MALDI samples were 
prepared by wet deposition of a saturated analyte/dithranol matrix solution onto a 
metallic sample plate and air dried before loading into the instrument. 
Grazing incidence X-ray diffraction (GIXD) was performed at the G2 station at 
Cornell High Energy Synchrotron Source (CHESS) using a beam energy of 10.06 ± 
0.01 keV (λ = 0.1239 nm), selected using a Be single-crystal monochromator. 
Motorized slits were used to define a 0.2×2 (V×H) mm2 beam, with a typical flux of 
2×1010 photons/s. The data were collected using a 640-element 1D diode-array, of 
which each element incorporates its own pulse counting electronics capable of count 
rates of ~105 photons/s. A set of 0.1° Soller slits were used on the detector arm to 
define the in-plane resolution. The scattering geometry is described in detail 
elsewhere. Each data set was collected by scanning the detector with the sample 
stationary. The incidence angle α between the beam and sample surface was 0.175°. 
Axes labels Q⊥ and Q|| are defined using the GISAXS convention Q⊥ = 4π/λsin(δ/2) 
and Q|| = 4π/λsin(ν/2), where δ and ν are the vertical and horizontal scattering angles, 
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respectively. At α=δ=0, hQ|| and hQ⊥ (where h is Planck’s constant) are the 
components of momentum transfer parallel and perpendicular to the sample surface, 
respectively. 
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B. Synthetic Procedures. 
General procedure for COF powder and films synthesis. Zn 
octahydroxyphthalocyanine (10 mg, 0.014 mmol) and 1,4-phenylenebis(boronic acid) 
(5 mg, 0.030 mmol) were added to a 4 dram vial and suspended in a mixture of 
dioxane and MeOH (3:1, 2.8 mL). A stir bar was added and the vial placed in a 
custom-built stainless steel vessel (see below). Substrate supported single-layer 
graphene was suspended in the solution (see below), the vessel was sealed, and the 
entire apparatus was heated at 120 °C on a hot plate for the desired time. After 
cooling, the suspended graphene was removed from solution and briefly (<5 sec) 
sonicated in dry PhMe. The free-flowing dark green powder remaining in the vial was 
collected by filtration on a Hirsch funnel and washed with portions of dry PhMe. The 
resulting ZnPc-PBBA COF powder was characterized by PXRD and matched 
previous reports2. 
Graphene Growth. Single-layer graphene was grown on 25 μm-thick copper foil 
using previously reported chemical vapor deposition methods3. A layer of PMMA (50 
nm) was spin-coated on top of the graphene and the copper was etched using aq. 
FeCl3. The graphene was then transferred to fused SiO2 (SLG/SiO2) or silicon 
(SLG/Si) and the PMMA removed by washing first with chloroform then isopropyl 
alcohol. For comparison, graphene was purchased from Graphene Supermarket 
(Calverton, NY). There was no apparent difference in patterning or film growth 
between the two sources of graphene. 
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C. Lithographic Patterning of Single-layer Graphene 
Photolithography was performed in the cleanroom at the Cornell Nanoscale Science 
and Technology Facility. A 4-inch silicon wafer with a 285 nm-thick thermal oxide 
layer was used as substrate for all patterning experiments. After priming in an HMDS 
vapor prime oven, graphene was transferred to the silicon wafer (see above) and the 
PMMA was removed by two consecutive acetone soaks (2 h each) followed by an 
isopropyl alcohol rinse. The substrate was then annealed on a hot plate at 145 °C for 
two hours and allowed to cool. The wafer was again primed with HMDS and 
immediately coated with Shipley SPR955-0.9 i-line resist by spin-coating at 3000 rpm 
for 60 sec. The wafer was baked on a hotplate at 90 °C for 90 sec and then 
immediately exposed (0.220 sec exposure time) using a GCA Autostep 200 automatic 
wafer stepper. Following exposure, the wafer was baked at 115 °C for 90 sec then 
developed using a Hamatech-Steag wafer processor (726 MIF, 60 sec, single-puddle). 
The developed wafer was then etched in a Glen 1000 oxygen plasma etcher (active 
mode, sample on grounded shelf below a powered shelf) for 100 sec at 400 watt. After 
etching, the wafer was then diced and the unexposed resist removed with by soaking 
in acetone for 2 h, transferred to a fresh acetone bath for 2 h, then rinsed in isopropyl 
alcohol. Finally, the substrates were annealed in a tube furnace at 375 °C under an H2 
flow for two hours. 
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D. Reaction Vessel and Experimental Setup 
A Parr-type reactor with six independent reaction vessels was built based on a design 
reported by Coates et al4. 
Figure S4.1. Optical images of the custom-built reactor. 
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Figure S4.2. Optical images of a suspended SLG/Si chip in a 4 dram vial (stir bar and 
phthalocyanine omitted for clarity). 
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E. Grazing Incidence X-ray Diffraction of COF-5 on Various Substrates 
Figure S4.3. GIXD patterns of COF-5 on various substrates. 
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F.  Additional UV-Vis Spectra of Films  
Figure S4.4. UV-Vis spectra comparing amorphous ZnPc-PBBA polymer prepared at 
[ZnPc] = 1 mM in DMA:o-DCB (blue), crystalline, unoriented ZnPc-PBBA COF 
prepared in DMA:o-DCB (red), and crystalline, oriented, ZnPc-PBBA COF prepared 
in MeOH:Diox (green). 
 
 
Figure S4.5. UV-Vis spectra of ZnPc(OH)8 films deposited on SLG substrates in the 
absence of the boronic acid monomer. Film formation conditions: (1 mM ZnPc(OH)8 
in DMA:o-DCB, heated to  120 °C for 4 h (blue) and 24 h (red). 
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G. Patterned Graphene Characterization 
Figure S4.6. Scanning electron micrographs of lithographically patterned SLG on Si 
with a 285 nm-thick thermal oxide layer. Left: 5 µm x 5 µm squares of SLG with a 1 
µm gap between squares. Right 2 µm x 2 µm squares of SLG with a 2 µm gap 
between squares. 
 
 
Figure S4.7. AFM height (left) and phase (right) images of SLG/Si patterned to 5 µm 
x 5µm squares with a 2 µm gap between squares. 
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H. Characterization of Patterned COF films 
Figure S4.8. GIXD of patterned ZnPc-PBBA COF on patterned SLG (growth time: 
20 h). 
 
 
 
 
Figure S4.9. AFM height image of ZnPc-PBBA COF on SLG patterned into 5 µm x 
5 µm boxes with 1 µm spacing (growth time: 24 h). 
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Figure S4.10. AFM height image of ZnPc-PBBA COF on SLG patterned into 2 µm x 
2 µm squares with 1 µm spacing (growth time: 24 h). 
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I. Comparison of Film Thickness at Varying Total Reaction Volume 
Figure S4.11. Comparison of ZnPc-PBBA COF film thickness at equivalent initial 
ZnPc(OH)8 concentration with varying total reaction volume. a) Two samples grown 
at 5 mM at standard volume (1.133 mL) and b) two samples grown at 5 mM at 2X 
volume (2.267 mL). c) Two samples grown at 10 mM at 0.5X volume (1.133 mL) and 
d) two samples grown at 10 mM at standard volume (2.267 mL). Error bars represent 
one standard deviation measured for each image (12 to 40 individual COF/SLG 
squares, depending on the size of the squares). 
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J. Comparison of Stirred and Unstirred COF Synthesis 
Figure S4.12. Optical micrograph of a patterned ZnPc-PBBA COF film prepared in 
an unstirred MeOH:Diox suspension (growth time: 24 h). The darker green squares are 
ZnPc-PBBA COF, while blue-purple squares are SLG with little to no COF. In this 
image, areas in which the graphene is torn are also visible. Stirred suspensions provide 
much more uniform film thicknesses, as shown in the height measurements and optical 
micrographs shown in Chapter 4. 
 
 
 
Figure S4.13. Comparison of ZnPc-PBBA COF thicknesses at different growth times 
for 20 h (red) and 24 h (blue). COF grown without stirring (a,c) displays a range of 
thicknesses across the same piece. The thickness (b,d) of COF decreases with stirring, 
but is much more uniform across the substrate. Error bars are one standard deviation. 
Divisions labeled “All areas” represent the average film thickness measured over all 
areas of the substrate, while those labeled “Area 1” (etc.) are the average thicknesses 
of all squares measured in an individual AFM image. The two bars in (d) represent 
two separate samples grown for 24 h. 
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Figure S4.14. Powder X-ray diffraction of ZnPc-PBBA COF in unstirred (red) and 
stirred (blue) suspensions (growth time: 24 h). Equal weight of powder was used to 
collect the data. 
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CHAPTER 5 
2D COVALENT ORGANIC FRAMEWORK THIN FILMS AS ACTIVE LAYERS 
IN ORGANIC PHOTOVOLTAICS 
Abstract 
Controlling the nanoscale morphology of the active layer in organic photovoltaic 
devices (OPVs) remains a significant challenge. As described in this thesis, covalent 
organic frameworks (COFs) offer a means to simultaneously organize organic 
semiconductors into programmed topologies with π-orbital overlap. This chapter 
describes preliminary efforts to develop COFs as active layers in OPVs. Photovoltaic 
devices that utilize COFs as the active layer have been fabricated and their parameters 
and external quantum efficiency characterized. Processing parameters relevant to 
device performance, such as spin speed used to introduce the fullerene solution and 
annealing temperature will be discussed. Compared to commonly used 
polymer/fullerene OPVs, devices fabricated with COFs so far exhibit low efficiencies 
that originate from poor current densities. These results represent progress toward 
applying these materials in solar energy devices. 
 
This work was performed in collaboration with David T. Moore and Prof. Tobias 
Hanrath in the School of Chemical and Biological Engineering at Cornell University 
and with Florian Auras, Mona Calik, and Prof. Thomas Bein in the Department of 
Chemistry at Ludwig-Maximilians University, Munich. 
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Introduction 
Bulk heterojunction (BHJ) organic photovoltaics (OPVs), in which a p-type 
semiconducting small molecule or polymer electron donor is mixed with a n-type 
(typically fullerene) electron acceptor, are widely studied1-3. Extensive empirical 
screening has revealed how various processing parameters such as donor/acceptor 
blend ratio4-6, annealing temperature7-9, additives10,11 and solvent composition12,13 
influence the device performance of specific polymer and fullerene combinations. 
Nevertheless, predicting, designing, and controlling the nanoscale morphology of the 
active layer in these devices remains a formidable challenge, as subtle changes in 
chemical structure or modifications to device fabrication often induce major changes 
in active-layer morphology14-16 and total efficiency. Thus, materials that 
simultaneously direct donor and acceptor morphology independently are highly 
desirable. 
 Covalent organic frameworks (COFs)17-22 differ from commonly studied 
semiconducting polymers in that their topology is dictated by the relative geometries 
of their polymerizable groups. Thus, COFs organize organic semiconductors in a 
predictable and predetermined way that will not vary with device processing 
parameters. This orthogonality provides two significant advantages over photovoltaics 
prepared from polymer/fullerene blends. First, donors and acceptors are introduced in 
separate steps that can be optimized individually. For example, solvents and annealing 
temperatures that yield crystalline and conductive fullerene domains may be 
incompatible with the polymer component of BHJ blends. By introducing the electron 
acceptor in a second step, the crystallinity can be optimized without affecting the 
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morphology of the electron donor. Second, since small molecule organization is 
predefined and deterministic, processing procedures, donor/acceptor ratios, and other 
critical device fabrication parameters can be rationally varied without altering the 
overall topology. These advantages might enable future fundamental studies of charge 
transport, charge separation, and overall device performance across devices with 
consistent morphologies. 
 Utilizing boronate ester-linked hexahydroxytriphenylene (HHTP)20,23 and zinc 
phthalocyanine (Pc)24 COF films as donors, we have fabricated COF-based organic 
photovoltaic devices using a soluble fullerene derivative, phenyl-C61-butyric acid 
methylester (PC60BM, or its C71 equivalent, PC70BM), as the acceptor. This chapter 
describes efforts to optimize processing parameters and discusses device performance. 
The OPVs fabricated thus far exhibit lower efficiencies than their soluble polymer 
counterparts, likely because this class of COFs is insufficiently conductive. Future 
experiments will help illuminate the processes occurring in the active layer, and will 
point the way forward to optimizing COF-based OPVs. 
Results and Discussion 
 Traditional bulk heterojunction OPVs are fabricated by mixing a soluble 
semiconducting donor polymer and an electron acceptor in a suitable solvent and spin 
coating or inkjet printing them onto a transparent conducting oxide anode. The device 
is annealed to an optimum polymer/fullerene morphology, and an electron extracting 
layer and top contact (cathode) is evaporated onto the film. The active layer in COF 
OPVs employs an electron donating COF with pores backfilled with a fullerene 
derivative (Fig. 5.1a). Because COFs are inherently insoluble in organic solvents, we 
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first studied COF films synthesized on single-layer graphene25 transferred to an 
indium-doped tin oxide (ITO) substrate. After film deposition, PCBM was spin coated 
on top and a Ca/Al top contact evaporated. However, we have so far found that all 
OPVs fabricated on SLG provide short-circuited devices. The origin of this problem is 
not understood, but was mitigated by synthesizing the COF films directly on ITO 
substrates coated with a NiO or MoOx electron blocking layer. Following COF film 
growth, PC60BM or PC70BM was spin coated at 550 rpm for 40 s from a 25 mg/mL 
solution in 1,2-dichlorobenzene (o-DCB) or chlorobenzene with 1 vol % 1,8-
diiodooctane as an additive (CB/DIO). The COF/PCBM films were next annealed for 
10 min at 80 - 175 °C to aid infiltration of the COF pores and to remove residual 
solvent. Lastly, a 1 nm LiF hole blocking and electron extraction layer was evaporated 
on top followed by an 80 nm Ca/Al cathode to complete the device (Fig. 5.1b for 
device fabrication). 
 Parameters such as spin speed and dwell time were determined to impact COF 
OPV performance. Spin speeds ≥1000 rpm prevent PCBM from adhering to the COF 
surface, while a 20 sec dwell time prior to spinning is critical, likely allowing PCBM 
to penetrate the COF pores. We find that devices prepared using o-DCB display 
improved device characteristics compared to CB/DIO presumably due to the lower 
volatility and enhanced solubility of PCBM in o-DCB versus CB/DIO which leads to 
better pore wetting and infiltration. Additionally, PC70BM devices perform better than 
their PC60BM counterparts, possibly due to improved infiltration and a slower 
crystallization rate in the COF pores, or as a result of advantageous energy level 
alignment or enhanced mobility within the pore. The exact reasons for this behavior
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will be the subject of future study. The discussion which follows utilizes devices 
fabricated with PC70BM. 
 J-V curves and device characteristics for a variety of COF OPVs were 
measured and their best and average values determined (Fig. 5.2). The open-circuit 
voltage (VOC), short-circuit current density (Jsc), fill factor (FF) and total photocurrent 
efficiency (PCE) of the best performing COF OPVs are summarized in Table 5.1. 
These efficiencies are comparable to previously reported COF film OPVs26
Figure 5.1 | Fabrication and device layout of COF-based OPVs. a) Side view of a COF OPV device 
(left) and the idealized COF/PCBM active layer (right). b) General fabrication scheme. Patterned ITO 
stripes are (i) covered with a NiO hole extraction layer, (ii) the COF film is grown on the NiO then 
PCBM is spin-coated on top and annealed, (iii) a LiF electron extraction layer is evaporated, and (iv) a 
Ca/Al top electrode is evaporated. The Al/ITO cross hatches define the active device area. 
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but are several orders of magnitude less efficient than devices prepared from COF 
powders27 and traditional semiconducting polymer-based devices, which reach 
efficiencies around 10%28. 
 The devices were further characterized by measuring the external quantum 
efficiency (EQE, Fig. 5.3), which provides information regarding the origin of charge 
carriers generated in the active layer. For both HHTP-based OPVs, the EQE spectra 
are nearly identical (Figs. 5.3a,b) and do not overlap with the reported UV-Vis 
Figure 5.2 | Typical J-V curves and device characteristics of COF OPVs. The highest efficiency 
devices for a) TP-COF (purple), b) HHTP-DPB COF (red), c) ZnPc-Py COF (blue), and d) ZnPc-
DPB COF (green) are shown along with best and average measured device parameters. 
Table 5.1 | Key device parameters for the most efficient COV OPVs 
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spectra20,23, indicating that the observed photocurrent originates from light absorption 
and charge separation in the PCBM domains and suggesting that these COFs are not 
mediating long-lived charge separation. However, it is possible that due to limitations 
in the EQE setup, which cannot measure wavelengths shorter than 300 nm, we are 
unable to observe some photogenerated current farther into the UV region. In contrast, 
EQE spectra of Pc-based COF OPVs are broad across the 350 - 500 nm region (ZnPc-
Py COF, Fig. 5.3c) or 350 - 650 region (ZnPc-DPB COF, Fig. 5.3d). These spectra 
provide evidence that the COFs are generating photocurrent in modest amounts, 
though the EQE is still dominated by PCBM. The rationale for these observations is 
still unclear and will be the focus of continued study for these and other COFs. 
 
Figure 5.3 | External quantum efficiency of COF OPVs. The EQE of a) TP-COF (purple), b) HHTP-
DPB COF (red), c) ZnPc-Py COF (blue), and d) ZnPc-DPB COF (green). EQE spectra are measured 
using the same devices as shown in Figure 5.2 
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 Compared to other semiconducting polymer blends, BHJs prepared with COF 
films display very low efficiencies, attributable to low short-circuit currents and fill 
factors. This may result from a partly disordered active layer morphology that contains 
grain boundaries and impurities within and between layers which can act as charge 
traps and increase the resistance through the device. Alternatively, the high surface 
area pore may facilitate significant charge recombination, limiting the number of 
separated charges that can be collected at the electrodes. Further, it is unknown the 
extent to which PCBM is penetrating the COF pores, if at all. If the COF/PCBM 
active layer more closely resembles a bilayer, then many of the photogenerated 
excitons will be generated too far from the COF/fullerene interface to result in electron 
transfer. These latter possibilities are less likely, as a fused azine-linked COF recently 
demonstrated improved current density and a total photocurrent efficiency of ~1%27. 
 Interestingly, we observe the open-circuit voltage to vary widely between 
identical devices. The VOC in OPVs is most strongly dependent on the HOMO-LUMO 
offset of the donor and acceptor in the active layer, respectively29,30, though other 
factors such as temperature, illumination, electrode work function, and active layer 
microstructure may impact VOC31. Because temperature, light intensity, and active-
layer blend are identical for a given COF device, we expect VOC to remain constant 
among devices fabricated with identical COFs, assuming the donor HOMO and 
acceptor LUMO do not vary dramatically between films. That VOC fluctuates widely 
between devices suggests that the electrode/active layer and/or donor/acceptor energy 
level alignment is variable from sample to sample, perhaps due to heterogeneity at the 
electrode/active layer interface or impurities incorporated throughout the active layer 
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and in the pores. Both scenarios lead to increased charge trapping and recombination, 
resulting in a significant decrease in VOC. Further studies to understand the energy 
level alignment and impact of impurities in COFs and COF/acceptor blends will shed 
light on this surprising behavior. 
Conclusions 
Optimizing and improving ncreasing COF photovoltaic devices will depend on 
fundamental studies of the photophysical processes occurring in the COF active layer. 
Further work to understand the energy landscape, charge separation processes, carrier 
lifetimes, and degree of charge trapping will enable rational tuning and device 
optimization, and may suggest new COF designs which are more amenable to efficient 
devices. While COF OPVs performance still lags behind traditional BHJ OPVs, the 
results reported here represent preliminary evidence toward incorporating and 
evaluating COFs in efficient OPVs.  
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